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Abstract	

Aqueous	 electrolytes	 are	 the	 protagonist	 to	meet	 the	 surging	 demand	 for	 safe	 and	 low-cost	
storage	batteries.	Aqueous	electrolytes	facilitate	more	sustainable	battery	technologies	due	to	
the	 attributes	 of	 being	 nonflammable,	 environmentally	 benign,	 and	 of	 low	 cost.	 Yet,	water’s	
narrow	electrochemical	stability	window	remains	the	primal	bottleneck	for	the	development	of	
high-energy	aqueous	batteries	with	long	cycle	life	and	infallible	safety.	Water’s	electrolysis	leads	
to	either	hydrogen	evolution	reaction	(HER)	or	oxygen	evolution	reaction	(OER),	which	causes	a	
series	of	dicey	consequences,	 including	poor	Coulombic	efficiency,	short	device	longevity,	and	
safety	issues.	These	are	often	showstoppers	of	a	new	aqueous	battery	technology	besides	the	
low	energy	density.	Prolific	progress	has	been	made	in	the	understanding	of	HER	and	OER	from	
both	the	catalysis	and	the	battery	fields.	Unfortunately,	there	lacks	a	systematic	review	on	these	
advances	from	a	battery	chemistry	standpoint.	This	review	provides	in-depth	discussions	on	the	
mechanisms	of	water	electrolysis	on	electrodes,	where	we	 summarize	 the	 critical	 influencing	
factors	applicable	for	a	broad	spectrum	of	aqueous	battery	systems.	Recent	progress	and	existing	
challenges	on	suppressing	water	electrolysis	are	discussed,	and	our	perspectives	on	the	future	
development	of	this	field	are	provided.		
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1.	Introduction:	

The	electrolyte	plays	 a	pivotal	 role	 in	battery	 chemistries	 and	 imposes	direct	 impacts	on	 cell	
performance.	 Common	 electrolytes	 in	 rechargeable	 batteries	 can	 be	 classified	 into	 several	
groups:	 organic,	 aqueous,	 ionic	 liquid,	 and	 solid-state	 electrolytes.	 Among	 them,	 aqueous	
electrolytes	embody	many	shining	advantages.	First,	water	(H2O)	is	the	most	abundant	solvent	
on	this	planet,	and	purification	of	water	can	be	done	at	a	low	cost.	In	contrast,	the	manufacturing	
of	 ionic	 liquids	 or	 organic	 solvents	 often	 relies	 on	 petroleum	 products	 and	 consumes	much	
energy.	 Second,	 unlike	 organic	 solvents,	 water	 itself	 is	 nontoxic,	 bringing	 no	 harm	 to	 the	
environment;	its	electrolysis	products	are	hydrogen	and	oxygen	gases,	not	poisonous.	The	non-
flammable	nature	of	water	undergirds	the	overall	safety	of	batteries.	More	importantly,	water	is	
a	 potent	 solvent	 for	 salts,	 featured	by	 its	 high	 dielectric	 constant,	 large	 dipole	moment,	 and	
excellent	 acceptor/donor	 numbers.	 Thus,	 aqueous	 electrolytes	 usually	 exhibit	 superior	 ionic	
conductivity,	often	much	higher	than	that	of	organic	electrolytes	and	solid−state	electrolytes.1-3		

Unfortunately,	aqueous	electrolytes	suffer	a	fatal	disadvantage	of	the	narrow	voltage	window	of	
water,	thermodynamically	between	0-1.23	V	vs.	standard	hydrogen	electrode	(SHE)	at	pH	=	0,	at	
25	°C	and	101.32	kPa,	hereafter.	At	 low	potentials,	water	can	be	reduced,	releasing	H2	gas	 in	
hydrogen	evolution	reaction	(HER);	at	high	potentials,	water	 is	oxidized,	setting	free	O2	gas	 in	
oxygen	 evolution	 reaction	 (OER).	 Differing	 from	 organic	 electrolytes,	 the	 solid−electrolyte	
interphase	(SEI)	does	not	readily	form	on	the	surface	of	electrodes	in	aqueous	electrolytes.	The	
continuous	gas	evolution	of	water	during	battery	cycling	or	idling	not	only	lowers	the	Coulombic	
efficiency	(CE)	but	also	causes	serious	safety	concerns	over	explosion.3	Of	note,	the	gas	evolved	
by	an	aqueous	battery	is	a	mixture	of	hydrogen	and	oxygen,	which	would	be	flammable	no	matter	
whether	 the	mixture	 is	 hydrogen	 lean	 or	 rich.	 Since	most	 rechargeable	 batteries	 are	 closed	
systems,	even	a	small	amount	of	gas	may	cause	mechanical	disintegration	of	electrodes	with	
increased	 internal	 impedance.	 In	 addition,	 water	 electrolysis	 can	 transform	 the	 chemical	
environment	near	the	electrode	surfaces,	e.g.,	the	pH	values,	which	profoundly	affects	the	redox	
reactions	of	electrode	materials.3		

To	avoid	gas	evolution	and	promote	cycling	stability,	the	output	voltages	of	aqueous	batteries	
have	to	be	kept	 low,	which	 limits	energy	density	and	the	usage	of	highly	 reducing	and	highly	
oxidizing	electrodes.4	For	instance,	the	HER	and	OER	would	theoretically	take	place	at	~	2.63	V	
and	3.86	V	vs.	Li+/Li,	respectively,	 in	neutral	electrolytes	(pH=7),	while	the	redox	potentials	of	
most	intensely-studied	electrode	materials	for	Li-ion	batteries	(LIBs),	including	anodes:	Li	metal	
at	0.0	V,	graphite	at	0.10	V,	silicon	at	0.30	V	and	cathodes:	LiMn2O4	at	4.10	V,	LiNi1/3Mn1/3Co1/3O2	
at	4.20	V,	and	LiNi0.5Mn1.5O4	at	4.60	V,	are	beyond	the	stability	ranges	of	water.1,5,6		

The	HER	process	takes	place	on	the	surface	anode	(or	negative	electrode)	materials,	where	two	
electrons	 are	 transferred	 from	 the	 electrode	 to	 surface-adsorbed	H2O	molecules	 or	 protons,	
where	this	multi-step	reaction	produces	hydrogen	gas;	the	OER	process	occurs	on	the	surface	
cathode	 (or	 positive	 electrode)	 materials,	 during	 which	 the	 four-electron-transfer	 reactions	
covert	H2O	molecule/OH-	 ions	 adsorbed	on	 the	 electrode’s	 surface	 to	 oxygen	 gas.	 To	design	
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feasible	anticatalytic	strategies,	attention	should	be	devoted	to	suppressing	the	elementary	steps	
of	HER	and	OER	reactions.	

A	rational	approach	to	inhibit	water	electrolysis	is	to	expand	the	thermodynamic	stability	window	
of	water.	In	aqueous	electrolytes,	the	water	molecules	typically	either	solvate	the	cations	and	
anions	or	roam	as	free	ones	(non-coordinated).	The	interactions	between	water	molecules	via	
hydrogen	bonding	or	between	 ions	and	water	molecules	affect	 the	strength	of	O-H	covalent	
bond	 in	 the	water	molecules.	Hence,	 it	 is	 critical	 to	design	 the	 coordination	environments	of	
water	molecules	to	improve	their	stability.	For	instance,	the	concentrated	aqueous	electrolytes,	
also	known	as	water-in−salt	electrolytes	(WiSE)	or	aqueous	deep	eutectic	solvents	(DES),	have	
recently	 been	 investigated	 for	 high-voltage	 aqueous	 batteries	 partially	 due	 to	 their	 solvation	
structures.7,8,9	 Specifically,	 the	 number	 of	 free	 water	 molecules	 with	 higher	 reactivity	 is	
minimized	in	the	concentrated	electrolytes;	thus,	most	water	molecules	are	in	the	inner	solvation	
shell	 of	 cations.9,10	 Likewise,	 a	 similar	 stability-enhancing	 effect	 was	 observed	 in	 a	 so−called	
molecular	crowding	electrolyte,	where	the	H2O	molecules	are	diluted	by	poly(ethylene	glycol)	
(PEG).11		

From	 the	 perspective	 of	 kinetics,	 the	 anticatalytic	 strategies	 pertain	 to	 promoting	 the	
overpotentials	 for	HER	 and	OER	 reactions.	 The	 principles,	 albeit	 not	well	 delineated,	 are	 the	
opposite	 of	 those	 for	 designing	HER/OER	 electrocatalysts.	 Therefore,	 the	 electrode	materials	
with	inherently	high	overpotentials	towards	HER/OER	can	be	defined	as	anticatalysts	or	negative	
catalysts.	Specifically,	the	anticatalysts	devise	the	uphill	routes	of	water	electrolysis	with	much	
higher	 activation	 energies	 than	 HER/OER	 electrocatalysts.	 For	 instance,	 lead−acid	 batteries	
exhibit	a	high	voltage	of	2	V	 in	H2SO4	electrolytes	because	Pb	metal	anode	and	PbO2	cathode	
exhibit	high	overpotentials	towards	HER	and	OER,	respectively.1	Other	electrode	materials	that	
have	 high	 HER/OER	 overpotentials	 have	 been	 sporadically	 identified	 during	 the	 recent	
renaissance	of	studies	on	aqueous	batteries,	such	as	hydroxylated	Mn5O8.12		Furthermore,	the	
anticatalysts	could	be	introduced	as	a	coating	 layer	on	electrodes,	where	the	electrode	active	
mass	 does	 not	 get	 to	 “see”	 the	 aqueous	 electrolyte.13	 Also,	 electrolyte	 additives	 could	
efficaciously	enhance	the	HER/OER	overpotentials	by	blocking	the	active	sites	on	electrodes;	thus	
these	substances	are	defined	as	electrolysis	inhibitors.14	

This	review	aims	to	offer	a	comprehensive	introduction	of	the	anticatalytic	strategies	that	either	
thermodynamically	or	kinetically	inhibit	water	electrolysis	on	electrodes.	We	hope	to	provide	a	
purview	of	 considerations	 for	mitigating	HER/OER,	where	 researchers	 in	 the	 field	 can	 form	a	
systemic	understanding	of	the	current	arts	(Figure	1).	Complementary	to	the	published	reviews	
on	aqueous	batteries2,15-20,	this	review	is	expected	to	fill	the	gap	of	articulating	the	fundamentals	
of	correlations	between	water	electrolysis	and	energy	storage	in	aqueous-battery	systems.		

This	 review	has	an	emphasis	on	 the	 thermodynamic	 stability	of	aqueous	electrolytes	and	 the	
kinetics-pertinent	overpotentials	of	HER	and	OER,	where	there	exists	rich	knowledge	from	fields	
of	catalysis,	batteries,	and	corrosion.	We	start	with	discussing	the	factors	on	the	thermodynamic	
stability	 of	 aqueous	 electrolytes	 and	 related	 characterization	 methods;	 then	 we	 introduce	
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different	 types	 of	 kinetics-pertinent	 overpotentials,	 including	 electrochemical	 overpotential,	
Ohmic	overpotential,	and	concentration	overpotential,	the	specific	mechanisms	of	OER/HER,	and	
the	relationships	between	overpotentials	and	electrolysis	processes.	We	expect	to	scrutinize	the	
strategies	of	catalysis	on	promoting	HER/OER,	where	we	hope	to	extrapolate	the	trend	to	the	
opposite	 direction	 to	 delineate	 the	 principles	 for	 enlarging	 HER/OER	 overpotentials.	 In	 the	
subsequent	section,	we	will	summarize	the	strategies	to	enhance	the	overpotentials	to	impede	
gas	evolution	in	battery	systems	with	theories	and	examples.	We	will	address	1)	the	optimization	
of	O-H	bond	 strengths	 in	water	molecules,	 2)	 decoupling	 the	 alkaline	 anolyte	 and	 the	acidic	
catholyte,	3)	the	high	selectivity	of	electrodes	of	promising	anticatalysts,	and	4)	the	reduction	of	
surface-active	sites	of	electrodes.	Lastly,	we	provide	our	perspectives	on	pressing	problems	of	
the	field	and	the	promising	routes	for	further	development.		

	

	

Figure	1.		Schematic	illustration	of	strategies	towards	widening	the	operating	potential	ranges	of	
aqueous	electrolytes	by	suppression	of	HER/OER	processes	over	electrode	surfaces	(Inset	water	
drop	image	is	obtained	from	http://pexels.com/photo/water-droplet-in-shallow-photo-45229/).		

	

2.	Thermodynamic	Stability	of	Aqueous	Electrolytes:		

The	general	reaction	for	water	electrolysis	is:	

𝐻"𝑂 𝑙
%&%'()*'+&	%-%)./

𝐻" 𝑔 + 2
"
𝑂"(𝑔)																																	Equation	1	
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The	Gibbs	free	energy	of	the	reaction	can	be	calculated	based	on	several	assumptions:	1)	H2	and	
O2	 are	 ideal	 gases,	 2)	water	 is	 an	 incompressible	 fluid,	 and	 3)	 the	 gas	 and	 liquid	 phases	 are	
thoroughly	separated.21	Under	standard	conditions	(25	°C	and	101.32	kPa),	the	Gibbs	free	energy	
is	approximately	237	kJ	mol−1;	furthermore,	the	reversible	electrolysis	voltage	is	derived	as	~1.23	
V.	 In	 fact,	 the	value	 is	 temperature	and	pressure	dependent,	with	a	 lower	splitting	voltage	at	
elevated	temperatures	and	reduced	pressures,	e.g.,	~1.184	V	at	80	°C	and	101.32	kPa	and	~1.295	
V	at	25	°C	and	3	MPa.22-24			

Of	note,	the	thermodynamic	stability	of	water	is	mainly	dependent	on	the	strength	of	the	O-H	
covalent	bond	in	H2O	molecules,	which	is	profoundly	affected	by	the	solvation	structures	in	the	
aqueous	electrolytes.25	 Figure	2a1	depicts	 the	hydration	 structure	of	a	 Li+	 ion	 in	 conventional	
dilute	electrolytes.10	Therein,	there	are	 largely	three	environments	of	water	molecules,	 in	the	
primary	 solvation	 sheath,	 in	 the	 second	 solvation	 sheath,	 and	 as	 free	 water	 molecules.	 The	
chemical	interactions,	as	influenced	by	the	salt	concentration	and	salt	types,	have	strong	impacts	
on	the	O-H	bond	strength	in	H2O	molecules,	thus	determining	the	thermodynamic	stability	of	the	
electrolytes.15		

As	known,	the	hydrogen	bond	between	water	molecules	reduces	the	strength	of	O-H	bond	in	
water	molecules.	Recent	results	suggest	that	by	reducing	the	density	of	hydrogen	bonds	between	
water	molecules	with	high	salt	concentrations,	the	thermodynamic	stability	of	electrolytes	was	
enhanced	(Figure	2a2).26,27	For	example,	a	saturated	NaClO4	aqueous	electrolyte	(17	m)	presents	
a	wide	electrochemical	stability	window	of	3.2	V	at	the	scan	rate	of	200	mV	s-1,	measured	with	
glassy	carbon	as	the	working	electrode.27	The	trend	of	O-H	bond	strength	as	a	function	of	salt	
concentration	 can	 be	 observed	 through	 some	 spectroscopic	 techniques,	 such	 as	 nuclear	
magnetic	resonance	(NMR)27,28,	Fourier-transform	infrared	spectroscopy	(FTIR)28,29,	and	Raman	
spectroscopy29.		

Specifically,	the	1H	NMR	results	reveal	that	the	concentrated	LiTFSI	(20	m)	aqueous	electrolyte	
presents	a	lower	chemical	shift	(3.4	ppm	vs.	4.7	ppm)	and	a	narrower	line	width	at	the	half	height	
than	that	of	pure	water	(Figure	2b1).28	The	downshift	originates	from	the	shielding	of	protons	
from	the	water	molecules	due	to	an	increase	of	their	surrounding	electronic	density28,	while	the	
narrower	 line-width	 is	due	 to	 the	weaker	dipole-dipole	coupling	between	neighboring	spin	 in	
hydrogen	bonds27,30.	In	the	same	vein,	the	FTIR	absorption	spectra	display	a	gradual	blueshift	of	
O-H	bond	stretch	modes	at	~3300	cm-1	upon	progressively	increasing	concentrations	of	LiTFSI	in	
the	electrolytes	(Figure	2b2).	In	Raman	spectra,	O-H	bond	stretch	vibrations	of	pure	water	exhibit	
two	peaks	at	~3230	and	3420	cm-1,	representing	two	types	of	O-H	environments:	more	H-bonded	
and	less	H-bonded,	respectively	(Figure	2b3).29	In	contrast,	the	30	m	ZnCl2	WiSE	only	exhibits	the	
bluer	peak	at	~3454	cm-1	in	femtosecond	stimulated	Raman	spectroscopy	(FSRS),	revealing	the	
nearly	eliminated	H-bonding	between	free	water	molecules	in	the	electrolyte.	FSRS	could	offer	
significantly	higher	signal	intensity	than	conventional	Raman	spectroscopy	due	to	the	ultrafast	
and	wavelength-tunable	 laser	pulses,	 thus	more	precisely	 reflecting	 the	molecular	vibrational	
motions	and	chemical	bond	variances.29	Besides,	salt	concentrations	in	electrolytes	also	affect	
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the	interfacial	properties	of	anode	materials	in	aqueous	batteries,	which	is	introduced	in	detail	
in	Section	4.2.2.3.31		

In	 addition	 to	 the	 concentration,	 the	 types	 of	 cations	 and	 anions	 are	 also	 critical	 to	 the	
electrochemical	 stability	window	of	electrolytes,	where	 the	choices	of	 ions	 influence	 the	O-H	
bonding	strength.	For	instance,	alkaline	metal	cations	(Li+,	Na+,	K+)	are	strongly	solvated	by	water	
molecules	in	aqueous	media;	both	the	radii	of	the	solvated	complex	ions	and	the	Lewis	acidity	
follow	the	trend	of	Li+	>	Na+	>	K+.32,33	Bulky	solvent−ion	complexes	may	hinder	the	diffusion	of	
the	charges,	thus	inhibiting	the	water	electrolysis.16,32,34,35	However,	the	stronger	Lewis	acidity	of	
Li+	results	in	poorer	capability	of	proton	shielding	in	water	molecules	than	that	of	K+,	which	is	
suggested	by	the	higher	chemical	shift	of	1	m	LiTFSI	than	that	in	1	m	KTFSI	in	1H	NMR	spectra	
(Figure	2c1).28	

In	 concentrated	 electrolytes,	 anions	 also	 contribute	 to	 the	 electrochemical	 stability	 of	
electrolytes.	As	shown	in	Figure	2c2,	saturated	LiNO3	(~11	m)	and	LiCl	(~18	m)	electrolytes	exhibit	
different	bonding	characteristics	from	that	of	concentrated	LiTFSI	electrolytes;	specifically,	the	
O-H	bond	 stretch	mode	 shows	weak	dependence	on	 the	 salt	 concentration	 in	 LiNO3	and	 LiCl	
electrolytes,	which	differs	from	the	pattern	of	the	LiTFSI	electrolytes	(Figure	2b3).28	The	1H	NMR	
further	 confirms	 that	 the	 lower	 chemical	 shifts	 in	 20	m	 LiTFSI	 electrolytes	 (Figure	 2b1)	when	
compared	 with	 the	 saturated	 LiNO3	 and	 LiCl	 electrolytes	 (Figure	 2c3),	 demonstrate	 a	 higher	
proton	shielding	performance	of	TFSI-	anion	and	stronger	O-H	bond	strength	of	water	molecules	
in	TFSI-	anion-based	WiSE.28	

The	research	on	investigating	the	correlations	between	water’s	thermodynamic	stability	and	the	
residing	 chemical	 environment	 start	 catching	 attention	 from	 the	 battery	 community.	 The	
research	 in	 this	area	will	 see	 further	progress	 in	 the	understanding	of	 solvation	 structures	of	
different	electrolytes,	particularly	concentrated	ones	such	as	WiSE	and	DES.		
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Figure	2.	Schematic	illustration	of	solvation	structures	of	Li+	in	a1)	salt-in-water	electrolytes	and	
a2)	water-in-salt	electrolytes.	Reproduced	with	permission	from	ref	10.	Copyright	2015	AAAS.	The	
influence	of	 the	 salt	 concentration	on	 the	O-H	bonding	 strength	as	 suggested	by	b1)	 1H	NMR	
spectra	in	LiTFSI	aqueous	electrolytes	of	different	concentrations	(pure	water:	dark	blue,	1	m:	
light	blue,	5	m:	green,	10	m:	orange,	and	20	m:	red)	(Reproduced	with	permission	from	ref	28.	
Copyright	2018	Royal	Society	of	Chemistry.),	b2)	Raman	spectra	in	30	m	ZnCl2,	30	m	ZnCl2+3	m	
LiCl,	30	m	ZnCl2+5	m	LiCl,	and	30	m	ZnCl2+10	m	LiCl,	which	are	abbreviated	as	30	ZC,	30ZC3LC,	
30ZC5LC,	and	30ZC10LC,	respectively	(Reproduced	with	permission	from	ref	29.	Copyright	2020	
Wiley-VCH),	and	b3)	FTIR	spectra	in	LiTFSI	aqueous	electrolytes	of	different	concentrations	(pure	
water:	dark	blue,	1	m:	light	blue,	5	m:	green,	10	m:	orange,	and	20	m:	red)	(Reproduced	with	
permission	from	ref	28.	Copyright	2018	Royal	Society	of	Chemistry.).	Influence	of	cation	types	on	
the	O-H	bonding	strength	as	characterized	by	c1)	1H	NMR,	and	the	influence	of	anion	types	on	the	
O-H	bonding	strength	as	demonstrated	by	c2)	FTIR	spectra	of	11	m	LiNO3	(pink	line)	and	18	m	LiCl	
(purple	 line)	solutions,	and	c3)	1H	NMR	spectra	of	LiCl	 (green),	LiTFSI	 (blue)	and	KTFSI	 (purple)	
with	a	concentration	of	1	m.	 (Reproduced	with	permission	from	ref	28.	Copyright	2018	Royal	
Society	of	Chemistry.)		

	

3.	Overpotentials:	Kinetically	Controlled	Water	Electrolysis	

Water	 electrolysis	 involves	 two	 half-reactions:	 its	 reduction	 of	 HER	 at	 low	 potentials	 and	 its	
oxidation	of	OER	at	high	potentials.	The	potentials	of	both	reactions	are	the	functions	of	the	pH	
value,	as	displayed	in	the	Pourbaix	diagram	under	standard	conditions	(Figure	3).	The	blue	line	
marks	the	critical	potentials	of	the	OER	process	with	the	Nernst	expression	shown	in	Equation	2,	
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above	which	OER	can	occur.	The	orange	line	represents	the	HER	critical	values	below	which	HER	
can	take	place,	where	the	Equation	3	shows	 its	Nernst	expression.21	Note	that	 the	difference	
between	OER	and	HER	thermodynamic	equilibrium	potentials	is	constant	at	~1.23	V	no	matter	
the	pH	values.	

𝐸6 = 1.228	𝑉 − 0.0591𝑉𝑝𝐻																																																Equation	2	

𝐸6 = 0.000	𝑉 − 0.0591𝑉𝑝𝐻																																																Equation	3	

Nevertheless,	it	usually	requires	a	higher	voltage	than	1.23	V	to	split	water	in	real	situations.	The	
difference	between	 the	 actual	 voltage	 and	1.23	V	 comes	 from	 the	 addition	of	 the	 kinetically	
controlled	overpotentials	(h)	for	both	HER	and	OER.	This	means	that	it	takes	a	higher	potential	
to	oxidize	water	for	OER,	and	it	needs	a	lower	potential	to	reduce	water	for	HER.	There	are	three	
primary	sources	of	overpotentials	(see	Equation	4),	 including	1)	electrochemical	overpotential	
(or	 called	 activation	 overpotential)	 (hB ),	which	 relates	 to	 the	 reactant	 and	 product	 states	 in	
reactions,	 2)	 Ohmic	 overpotential	 (hC ),	 which	 is	 affected	 by	 the	 electrode	 intrinsic	 electric	
impedance/resistance,	 and	 3)	 concentration	 overpotential	 (h' ),	 which	 is	 a	 function	 of	 the	
concentration	distribution	near	the	electrode	surface.36	The	specific	factors	that	 influence	the	
three	types	of	overpotentials	and	the	associated	mechanisms	will	be	summarized	and	discussed	
in	the	following	sections.		

hDE%)+&& = hB + hC + hF 																																																	Equation	4	

	

	

	

Figure	3.	Pourbaix	diagram	of	water	with	the	y−axis	of	potentials	(V	vs.	SHE)	and	the	x−axis	of	pH	
values	 of	 aqueous	 electrolytes.	 The	 green	 line	 and	 orange	 line	 indicate	 the	 upper	 and	 lower	
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thermodynamically−stable−potentials	 as	 the	 function	 of	 pH	 values,	where	 the	 green	 and	 red	
areas	represent	the	overpotentials	towards	water	oxidation	(OER)	and	water	reduction	(HER),	
respectively.	

	

It	 is	 accepted	 that	 overpotentials	 originate	 from	 kinetic	 constraints	 in	 individual	 steps	 of	
electrolysis.	 In	 brief,	 water’s	 electrolysis	 processes	 involve	 the	 adsorption	 of	 water	 and	 ion	
species	on	the	electrode	surface,	the	formation	of	the	intermediates	via	electron	transfer,	and	
finally,	 the	 release	 of	 oxygen/hydrogen	 gas.37	 Fundamental	 understanding	 of	 the	 sources	 of	
overpotentials	 is	 instrumental	 to	 kinetically	 mitigate	 HER/OER	 for	 the	 applications	 of	
high−voltage	aqueous	batteries.	Herein,	we	summarize	and	discuss	the	 influencing	factors	 for	
the	three	types	of	overpotentials	for	HER	and	OER	processes,	respectively.		

3.1	Electrochemical	Overpotential	of	HER:	

The	 electrochemical	 overpotential	 correlates	 to	 the	 intermediate	 formation	 energies	 in	 gas	
evolution	reactions.	As	for	HER	in	acid	electrolytes,	the	binding	energy	between	the	intermediate	
of	 H*	 derived	 from	 H+	 in	 the	 electrolytes	 and	 the	 electrode	 surface	 is	 the	 most	 important	
indicator	for	the	overpotential.	In	the	base/neutral	electrolytes,	HER	is	associated	with	relatively	
more	 complexed	 mechanisms	 due	 to	 the	 electrode	 surface’s	 impacts	 on	 the	 H+	 generation	
efficiency	from	water,	which	has	a	significant	impact	on	the	overpotential	value.	Herein,	we	will	
discuss	the	HER	mechanisms	and	the	influencing	factors	on	the	electrochemical	overpotential	in	
acid	electrolytes	and	in	base/neutral	electrolytes,	separately.		

3.1.1	Mechanisms	of	HER	in	Acid	Electrolytes:	

Generally,	HER	follows	a	two−step	reaction	in	acid	electrolytes,	during	which	two	protons	(H+)	or	
hydronium	ions	(H3O+)	combine	to	form	one	H2	(Figure	4).38,39	In	the	first	step	called	the	Volmer	
reaction,	 a	 proton	 receives	 one	 electron	 from	 the	 electrode,	 thus	 becoming	 adhered	 to	 the	
electrode	surface	as	an	intermediate	hydrogen	atom	(H*)	(see	Equation	5).38,39		

𝑀 +𝐻H +	𝑒J → 𝑀𝐻+LM																																																							Equation	5	

Then	 there	 are	 two	 parallel	 routes	 for	 the	 hydrogen	 intermediate	 to	 form	 and	 desorb	 a	 H2	
molecule,	depending	on	the	intermediate	coverage	over	the	electrode	surface.	Specifically,	when	
the	H*	coverage	on	the	surface	 is	 low,	a	H*	will	more	 likely	combine	with	a	proton	 from	the	
electrolyte	and	one	more	electron	from	the	electrode	to	produce	H2.	The	process	is	referred	to	
as	the	Heyrovsky	reaction	(see	Equation	6).	If	the	H*	coverage	is	sufficiently	high,	two	adjacent	
H*	will	likely	combine	with	each	other	to	form	a	H2	molecule,	which	is	known	as	the	Tafel	reaction	
(see	Equation	7).38,39		

𝑀𝐻+LM + 𝐻H + 𝑒J → 𝑀 +𝐻" ↑																																																		Equation	6	

2𝑀𝐻+LM → 2𝑀 + 𝐻" ↑																																																											Equation	7	
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Figure	4.	Two	HER	mechanisms	in	acid	electrolytes,	including	the	Volmer−Heyrovsky	mechanism	
(left)	 and	 the	 Volmer−Tafel	 mechanism	 (right).	 Reproduced	 with	 permission	 from	 ref	 39.	
Copyright	 2014	Royal	 Society	 of	 Chemistry.	 The	 purple	 and	 red	Roman	numbers	marked	 the	
reaction	coordinates	of	 the	Volmer−Heyrovsky	mechanism	and	 the	Volmer−Tafel	mechanism,	
respectively.	

	

Figure	 5a	 and	 b	 depict	 the	 origins	 of	 HER’s	 overpotentials	 in	 acids	 from	 the	 perspective	 of	
thermodynamics,	where	the	Gibbs	free	energy	of	the	reaction	varies	as	a	function	of	the	applied	
potential	(e.g.,	E1,	E2,	and	E3).40	At	the	thermodynamic	equilibrium	potential	(E2),	for	a	facile	HER,	
the	 intermediates	 locate	 at	 the	 same	 free	 energy	 level	 with	 the	 reactants	 and	 the	 products	
(orange	line).	This	fits	the	Sabatier	principle	that	an	ideal	electrocatalyst	should	neither	bind	too	
strongly	nor	too	weakly	with	reaction	intermediates.41	Nevertheless,	the	Gibbs	free	energy	of	the	
intermediate	in	a	real	scenario	(blue	line)	deviates	from	the	ideal	value,	influenced	by	the	binding	
energy	between	the	electrode	and	the	intermediates.	Then	it	requires	a	lower	potential,	i.e.,	a	
more	 reducing	electrode	 to	activate	 the	HER	process,	where	 the	difference	between	 the	 real	
potential	and	the	thermodynamic	equilibrium	potential	is	the	reaction’s	overpotential.40		

Furthermore,	 the	 electrochemical	 overpotential	 is	 associated	with	 the	 two	 steps	 of	HER:	 the	
adsorption	of	the	H*	intermediate	on	the	electrode	and	the	desorption	of	H2	gas,	both	of	which	
relate	to	the	intermediates’	binding	energy	with	the	electrode	surface.	Therefore,	the	binding	
energy	is	the	descriptor	to	evaluate	the	electrocatalytic	or	HER-inertness	performances	of	the	
electrode	materials.	 The	 electrochemical	 overpotential	 and	 the	 exchange	 current	 density	 (j0)	
follow	a	volcano	pattern	as	a	function	of	the	hydrogen	binding	energy	(DGH*)	(Figure	5c)	and	the	
bond	 strength	 (EH*)	 (Figure	 5d),	 respectively.40,42	 Specifically,	 the	 adsorption	 step	 limits	 the	
overall	 kinetics	and	determines	 the	electrochemical	overpotential	 at	a	weak	binding	 strength	
(DGH*	>	0),	while	the	overpotential	from	the	desorption	step	dominates	at	a	lower	binding	energy	
(DGH*	<	0).34,40		
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Of	note,	this	volcano	trend	is	broadly	applied	to	categorize	and	evaluate	HER	catalysts	 in	acid	
electrolytes.43	 For	 instance,	 the	 Pt	 metal	 is	 considered	 the	 optimal	 HER	 catalyst	 in	 acid	
electrolytes	due	to	the	quintessential	binding	energy	with	hydrogen	intermediates,	while	the	Ag	
and	Mo	metal	may	help	inhibit	HER	due	to	the	relatively	weak	and	strong	bond,	respectively.	Of	
note,	 differing	 from	 the	 transition	 metals,	 sp	 main-group	 metals	 barely	 form	 M-H	 bonds,	
indicating	their	strong	ability	to	suppress	HER.44	

	

	

Figure	5.	Schematic	HER	process	under	acidic	conditions	on	a)	ideal	catalysts	and	b)	real	catalysts,	
where	orange,	green,	and	blue	lines	refer	to	Gibbs	free	energy	variances	at	different	electrode	
potentials	(E1>E2>E3),	respectively;	∆𝐺2	and	∆𝐺"denote	the	free	reaction	energies	of	the	two	HER	
elementary	steps.	At	the	thermodynamic	equilibrium	potential	(E2),	the	ideal	reaction	pathway	
is	free	of	an	overpotential;	the	real	reaction	pathway	(blue	line)	has	to	overcome	an	overpotential	
(h)	at	the	intermediate	state.	Reproduced	with	permission	from	ref	40.	Copyright	2010	Wiley-
VCH.	 Volcano	 plots	 for	 HER	 catalysts	 of	 different	 formats:	 c)	 The	 relationship	 between	 the	
reaction	 exchange	 current	 density	 (j0)	 and	 adsorption	 energy	 of	 H*	 intermediates	 on	 the	
electrode	surface	 (∆𝐺Q∗)	with	specific	examples	of	metals,	alloys,	and	non−metal	 compounds	
(Reproduced	 with	 permission	 from	 ref	 43.	 Copyright	 2014	 Springer	 Nature.),	 and	 d)	 The	
relationship	between	the	overall	electrochemical	overpotential	of	the	HER	process	(h%&%'()D)	and	
the	 hydrogen	 chemisorption	 energy	 (∆𝐸Q(ST) ):	 too	 strong	 or	 too	 weak	 bonds	 lead	 to	 high	
electrochemical	overpotentials;	∆𝐺2	and	∆𝐺"	denote	 the	 free	 reaction	energy	of	 the	 two	HER	
elementary	reaction	steps.	Reproduced	with	permission	from	ref	40.	Copyright	2010	Wiley-VCH.		
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Although	the	volcano	plot	is	a	powerful	tool	to	categorize	the	catalysts,	there	are	nuances	about	
the	metal	surface	properties	and	the	resulted	catalytic	properties.	The	correlation	between	the	
electronic	 structures	 of	 catalysts	 and	 intermediate−adsorption	 energies	 (e.g.,	 the	 d−band	
structures	for	elemental	metals	and	their	derivatives)	has	received	much	attention	in	the	past	
decades.	 The	 formation	 of	 M−H*	 bonds	 creates	 fully−filled	 bonding	 molecular	 orbitals	 and	
partially	 filled	 anti−bonding	 molecular	 orbitals.34	 The	 disparity	 of	 the	 catalytic	 performance	
between	metals	largely	lies	in	the	different	filling	situations	of	the	anti−bonding	orbitals,	where	
their	increased	filling	destabilizes	the	metal−intermediate	bonding,	thus	leading	to	the	weaker	
bonding	strength.34,45	For	example,	Au	displays	the	highest	filling	of	the	anti−bonding	and	the	
deepest	location	of	the	H	1s−d	anti−bonding	among	four	metals	of	Au,	Ni,	Pt,	and	Cu,	as	shown	
in	Figure	6a.46	Hence,	it	exhibits	the	weakest	M−H*	bonding,	followed	by	Cu.	In	comparison,	Pt	
possesses	the	optimum	bonding	strength	with	hydrogen	intermediates,	which	results	from	the	
moderate	filling	of	H	1s−d	anti−bonding.	Ni	has	the	strongest	bonding	strength	due	to	the	lowest	
filling	of	the	anti−bonding	orbitals	and	the	highest	location	of	H	1s−d	anti−bonding.46	Figure	6b	
depicts	the	hydrogen	binding	energies	as	a	function	of	the	d−band	center	(ed)	values	for	some	
metals.34,47	Based	on	the	trend,	 it	could	be	derived	that	the	Zn,	Cd,	and	Hg	would	have	weak	
M−H*	bonding	because	of	the	deeper	ed	locations	of	the	metals,	which	renders	them	promising	
HER	anticatlysts.		

Furthermore,	the	d−band	structure	or	the	d−band	center	referenced	to	the	Fermi	level	could	be	
changed	by	alloying/compositing	with	another	metal,	which	offers	the	routes	to	design	materials	
for	catalysis	or	anticatalysts	for	batteries.34	Firstly,	ed	depends	on	the	distances	of	atoms	on	the	
surface	of	metals	(Figure	6c).	For	instance,	when	Pd	atoms	are	deposited	on	another	metal	(e.g.,	
Au)	with	a	larger	atomic	distance,	the	tensile	strength	would	lead	to	a	narrower	d	band	and	a	
higher	ed.34,48-51	By	contrast,	a	wider	d	band	and	a	lower	ed	would	be	induced	by	the	compressive	
strength	when	Pt	atoms	are	plated	over	a	metal	with	a	smaller	atomic	distance	(e.g.,	Ru,	Ir).	In	
addition,	the	decorating	metals	may	also	have	chemical	bonding	with	the	substrate	metals.34,52-
54	For	instance,	some	transition	metals,	e.g.,	Ni,	Co,	Fe,	Ag,	Zn,	could	devote	their	electrons	to	
the	Pt/Pd	substrate,	thus	causing	the	downshift	of	the	d−band	center	of	Pt/Pd	relative	to	the	
Fermi	energy.		

Overall,	 designing	 promising	 metallic	 HER	 anticatalysts	 should	 firstly	 consider	 the	 d-band	
electronic	 structures	 of	 the	 materials,	 particularly	 ed,	 which	 directly	 determines	 the	 M−H*	
bonding	strength	and	further	the	HER	activity.	An	ideal	HER	anticatalyst	should	either	exhibit	a	
high	ed	location	 (strong	M−H*)	or	a	deep	ed	location	 (weak	M−H*).	Generally,	 the	metals	 that	
have	completely	filled	d-orbitals,	including		Zn,	Cd,	Hg,	Bi,	Pb,	etc,	display	high	HER	overpotential	
because	of	their	low	ed	locations.	As	for	the	HER	inhibition	on	certain	active	metal	materials	(e.g.,	
Ni,	Co,	Fe),	alloying/compositing	with	other	materials	are	feasible	strategies,	but	whether	the	
compressing/tensile	stress	or	downshift/upshift	of	ed	benefits	cannot	be	clearly	defined;	instead	
it	should	depend	on	the	specific	properties	of	the	protected	materials.	
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For	carbonaceous	materials,	their	HER	catalytic	performances	are	also	closely	correlated	to	their	
electronic	structures.55	When	H*	intermediates	bond	with	the	electrode	surface,	the	hybridized	
levels	will	 split	 into	 the	bonding	 states	 that	 locate	below	 the	Fermi	energy	and	anti−bonding	
states	 that	are	 situated	above	 the	Fermi	energy	 (Figure	6d).	 Like	 transition	metals,	 the	 latter	
states	 determine	 the	 bonding	 strength	 between	 the	 electrodes	 and	 the	 H*	 intermediates.56	
Specifically,	a	reduced	occupation	of	the	anti−bonding	states	results	in	stronger	bonds	between	
the	adsorbates	and	the	electrodes.	Accordingly,	a	linear	relationship	can	be	constructed	between	
the	density	of	states	(DOS)	of	active	sites	and	the	intermediate−electrode	bonding	strength	for	
carbonaceous	materials	(Figure	6e).56	To	change	the	HER	activity	of	carbonaceous	materials,	a	
common	 strategy	 is	 to	 introduce	 heteroatom	 dopants	 into	 the	 structure.	 Generally,	 the	
heteroatomic	dopants	 (Figure	6f)	 could	be	categorized	 into	 two	groups:	electron	donors	 that	
have	 lower	 electronegativity	 than	 carbon	 (e.g.,	 S,	 P)	 and	 electron	 acceptors	 with	 higher	
electronegativity	than	carbon	(e.g.,	N,	O,	F).57	The	addition	of	the	former	type	of	dopants	would	
enrich	 electrons	 to	 the	 surrounding	 carbon	 atoms,	while	 the	 later	 ones	 lead	 to	 the	 electron	
deficiency	of	 the	 adjacent	 carbon	 atoms.57,58	 The	 electron	 transfer	 has	 direct	 impacts	 on	 the	
electronic	structures	of	the	materials,	consequently	affecting	their	HER	activity.	

To	 sum	 up,	 graphitic	 sp2	 carbon	 displays	 the	 best	 HER	 resistance,	while	 other	 carboneceous	
materials	 with	 doping	 of	 heteroatoms	 (i.e.,	 S,	 N,	 O)	 exhibit	 higher	 HER	 activity.	 In	 fact,	 it	 is	
inevitable	 to	 introduce	 defects	 or	 functional	 groups	 during	 the	 production	 of	 common	
carbonaceous	materials,	thus	promoting	the	hydrogen	production	rates.	In	this	case,	two	general	
methods	are	practical	 to	 inhibit	HER,	 including	1)	 removing/passivating	the	defects/functional	
groups	 through	 post-treaments,	 and	 2)	 introducing	 other	 functional	 groups/doping	 to	
compensate	for	the	side	effects	of	the	existed	ones.	Moer	detailed	discussion	will	be	given	 in	
Section	4.2.1.1-(3).			
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Figure	6.	a)	Scheme	for	metal	(Ni,	Cu,	Pt,	Au)−hydrogen	bonding.	Reproduced	with	permission	
from	 ref	 46.	 Copyright	 2020	 Springer	Nature.	 b)	 Linear	 relationship	 between	metals’	 d−band	
center	positions	and	the	hydrogen−binding	strength.	Reproduced	with	permission	from	ref	34.	
Copyright	2015	Royal	Society	of	Chemistry.	c)	Relationship	between	the	surface	atomic	distance	
and	the	d−band	center	position.	Reproduced	with	permission	from	ref	48.	Copyright	2005	Wiley-
VCH.	 d)	 Energy	 level	 diagram	 displaying	 orbital	 hybridization	 of	 active	 sites	 and	 hydrogen	
adsorbate,	where	EF	stands	for	the	host’s	Fermi	energy	level,	Ep	represents	the	energy	level	of	
highest	peak	of	active	center’s	DOS	with	hydrogen	adsorption,	σ	and	σ∗	respectively	denote	the	
bonding	 and	 anti−bonding	 states.	 Reproduced	 with	 permission	 from	 ref	 56.	 Copyright	 2016	
Springer	 Nature.	 e)	 Relationship	 between	 the	 adsorption	 energy	 of	 H*	 intermediates	 on	 the	
electrode	surface	(∆𝐺Q∗)	and	the	highest	peak	position	of	active	carbon’s	DOS.	Reproduced	with	
permission	from	ref	56.	Copyright	2016	Springer	Nature.		f)	NBO	population	analysis	of	several	
heteroatoms	in	a	graphene	matrix,	including	pyridinic	N	(pN),	graphitic	N	(gN),	O,	F,	S,	B,	and	P.	
Reproduced	with	permission	from	ref	57.	Copyright	2014	American	Chemical	Society.	
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3.1.2	Mechanisms	of	HER	in	Alkaline/Neutral	Electrolytes:	

In	alkaline/neutral	electrolytes,	the	HER	also	undergoes	the	formation	of	H*	first,	which	proceeds	
with	two	possible	routes	(the	Heyrovsky	reaction	or	the	Tafel	reaction)	to	release	hydrogen	gas	
as	it	does	in	the	acidic	electrolytes.	Nevertheless,	compared	to	the	behavior	in	acid	electrolytes,	
the	 HER	 electrocatalysts	 in	 alkaline	 electrolytes	 typically	 deliver	 the	 activity	 two	 orders	 of	
magnitude	 lower	 (reflected	 by	 the	 exchange	 current	 density	 j0)	 along	 with	 much	 higher	
overpotentials.53,59	The	foremost	reason	is	the	difference	in	the	initial	Volmer	process,	where	in	
the	acidic	electrolytes,	free	H+	or	H3O+	ions	are	directly	involved	in	forming	the	intermediates,	
whereas	H2O	is	the	reactant	in	alkaline/neutral	electrolytes	and	has	to	dissociate	and	be	reduced	
before	H*	intermediate	is	formed	(Equation	8).		

𝑀 +𝐻"𝑂 + 𝑒J → 𝑀𝐻+L + 𝑂𝐻J																																									Equation	8	

The	additional	water	dissociation	 step	brings	an	extra	energy	barrier	 (0.76	eV)	 in	bulk	water,	
calculated	from	the	first-principles	molecular	dynamics.60,47	In	addition	to	the	dissociation	barrier,	
the	 binding	 energy	 of	 water	 to	 the	 electrode	 surface	 is	 often	 inherently	 inferior	 to	 that	 of	
hydronium	ions,	which	further	enhances	the	barrier	on	the	generation	of	M-H*	intermediates	in	
the	alkaline	electrolytes.	Besides,	as	distinct	from	the	acid	electrolytes,	the	adsorption	of	oxygen-
based	 intermediates	 (e.g.,	HO*)	may	poison	 the	HER	kinetics	by	blocking	 the	active	 sites	and	
altering	 the	 adsorption	 energy	 of	 H*	 intermediates	 over	 the	 catalyst.47	 This	 phenomenon	
increases	the	reaction	overpotential	and	hampers	the	HER	activity	in	alkaline	electrolytes.	It	was	
further	elucidated	that	the	charge	transfer	takes	place	more	swiftly	through	the	electrical	double	
layer	on	the	electrode’s	surface	in	acid	electrolytes	than	in	alkaline	counterparts	due	to	the	more	
facile	reconstruction	of	the	interfacial	water	network,	which	will	be	discussed	in	detail	below.61			

Overall,	 the	mechanism	 of	 HER	 in	 alkaline	 electrolytes	 is	 more	 complexed	 than	 that	 in	 acid	
electrolytes,	 where	 more	 indicators	 should	 be	 considered	 in	 evaluating	 the	 HER	 under	 the	
alkaline	conditions,	including	the	hydrogen	bonding	energy,	hydroxyl	adsorption	energy,	water	
dissociation	 kinetics,	 and	 the	 surface	 double	 layer	 structure.	 For	 the	 binding	 energy	 with	
hydrogen,	 basic	 routes	 and	mechanisms	 are	 not	 influenced	 by	 the	 pH	 value	 and	 have	 been	
introduced	in	Section	3.1.1;	therefore,	it	is	not	discussed	in	detail	here.	And	the	exchange	current	
density	also	follows	a	volcano−shaped	pattern	with	the	electrode−hydrogen	bonding	strength	
(Figure	7a).62,63	It	should	be	noted	that	volcano	plots	may	not	work	for	some	metals	on	the	right	
side	(weak	leg	of	binding)	of	the	hill	under	alkaline	conditions	such	as	Mo,	Ti,	and	W,	since	their	
surface	 will	 be	 passivated	 by	 in	 situ	 formed	 oxide	 layers.62	When	 omitting	 these	metals,	 an	
approximately	linear	correlation	could	be	derived.64						

Water	dissociation	is	considered	one	major	barrier	for	the	suppressed	HER	in	alkaline	electrolytes;	
therefore,	materials’	capability	on	dissociating	water	becomes	one	key	indicator	to	evaluate	their	
HER	performance	besides	the	binding	energy	with	intermediates.47,65	For	instance,	Ru	with	higher	
water	dissociation	capability	(less	positive	water	dissociation	free	energy	(∆𝐺U))	results	in	more	
severe	HER	than	Pt	in	alkaline	electrolytes	despite	of	its	stronger	H*	adsorption		(more	negative	
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H*	adsorption	free	energy	(∆𝐺Q∗))	 (Figure	7b).65	The	water	dissociation	kinetics	relates	to	the	
energy	 difference	 (DE)	 between	 the	 reactants	 (E(H2O))	 and	 products	 (E(H*)	 and	 E(HO*)),	 as	
shown	in	Equation	9.	According	to	the	Brønsted–Evans–Polanyi	(BEP)	principle,	𝐸+ = 𝐸6 + 	𝛼Δ𝐻	
(0≤ 𝛼 ≤ 1),	 the	activation	energy	of	a	process	 is	 linearly	 related	to	 the	enthalpy	of	 the	step.	
Correspondingly,	 strong	 adsorption	of	H*	 and	HO*	would	 lower	 the	 activation	 energy	of	 the	
water	dissociation.66,67	Therefore,	a	high	water	dissociation	barrier	to	inhibit	HER	requires	a	weak	
adsorption	of	H*/OH*	intermediates	on	the	electrode	surface.	The	water	dissociation	capability	
of	several	metals	 is	calculated,	as	displayed	 in	Figure	7c,	where	Ru	should	exhibit	 the	highest	
activation	energy	barrier	for	water’s	dissociation.68	On	the	other	hand,	adsorption	of	HO*	poisons	
the	surface	active	sites	and	helps	reduce	the	HER	activity.47	The	binding	energies	between	metal	
surfaces	and	H*,	OH*,	H2O,	and	O*	are	summarized	in	Figure	7d,	and	Ru	seems	to	be	the	most	
poisoned	among	 these	HER	 catalysts	 in	 alkaline	electrolytes	due	 to	 the	overly	 strong	binding	
energy	towards	oxygen−contained	intermediates.68		

The	double	layer	structure	of	electrode	materials	is	typically	featured	with	the	potential	of	zero	
free	charge	(pzfc),	which	determines	the	interfacial	electrical	field	and	the	solvation	environment.	
Specifically,	 when	 the	 applied	 potential	 is	 much	 lower	 or	 much	 higher	 than	 the	 pzfc,	 the	
electrode’s	surface	will	be	charged,	resulting	in	large	interfacial	electric	fields.	Consequently,	the	
assembly	of	water	molecules	is	more	rigid,	and	it	needs	to	overcome	a	higher	energy	barrier	for	
water	molecules	to	reorganize	themselves	in	the	double	layer	at	these	potentials,	which	hinders	
the	transfer	of	charges	(H+	in	acid	electrolytes	and	OH−	in	alkaline	electrolytes).	Therefore,	the	
double	layer	is	affected	by	both	the	pH	value	of	electrolytes	and	electrode	materials.	The	pzfc	of	
Pt	(111),	for	example,	is	closer	to	the	potential	of	H*	adsorption	under	acid	conditions	than	in	
alkaline	 electrolytes,	 which	 allows	 the	 facile	 reorganization	 of	 water	 and	 rapid	 diffusion	 of	
charges,	via	the	Grotthuss	mechanism,	thus	benefiting	the	overall	HER	activity.	At	the	same	time,	
the	deposited	Ni(OH)2	on	 the	Pt	 (111)	electrode	surface	can	also	move	the	pzfc	closer	 to	 the	
potential	of	H*	adsorption,	thus	accelerating	the	charge	transfer	through	the	interfacial	double	
layer.61	

D𝐸 = 𝐸 𝐻"𝑂 − 𝐸 𝐻∗ − 𝐸(𝑂𝐻∗)																																									Equation	9	

To	sum	up,	the	mechanisms	that	lead	to	electrochemical	overpotentials	in	HER	can	serve	as	useful	
references	 to	 design	 high−HER−overpotential	 anodes	 in	 high−voltage	 aqueous	 batteries.	
Remarkable	 progress	 has	 been	 made	 in	 the	 catalysis	 field	 about	 how	 to	 mitigate	 the	
electrochemical	overpotential;	yet	the	opposite	direction	of	promoting	this	potential	remains	to	
be	carefully	explored.	To	date,	most	of	the	materials	studied	about	HER’s	overpotential	are	still	
the	catalysts	 such	as	 transition	metals.	To	 inhibit	HER	 in	aqueous	batteries,	efforts	 should	be	
devoted	to	exploring	anode	materials	that	have	their	redox	reactions	below	0	V	vs.	SHE.		
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Figure	7.	a)	Volcano	plots	for	some	metal	HER	catalysts.	Reproduced	with	permission	from	ref	63.	
Copyright	2000	Elsevier.	b)	The	Gibbs	free	energy	diagram	of	the	HER	process	in	alkaline	media	
in	the	sequence	of	reactant	initial	state,	water	dissociation	state,	intermediate	state,	and	product	
state.	Reproduced	with	permission	from	ref	65.	Copyright	2016	American	Chemical	Society.	c)	
The	water	dissociation	capability	of	various	metal	catalysts,	where	the	y-axis	 is	defined	as	the	
energy	balance	for	water	dissociation	(DE),	which	is	derived	as	the	energy	difference	between	
the	 reactants	 (E(H2O))	 and	 products	 (E(H*)	 and	 E(HO*))	 (Equation	 8),	 and	 d)	 The	 adsorption	
energies	 of	 reactant	 (H2O)	 and	 reaction	 intermediates	 (H*,	HO*,	 and	O*)	 over	 various	metal	
catalysts.	Reproduced	with	permission	from	ref	68.	Copyright	2006	American	Physical	Society.	

	

3.2	Electrochemical	Overpotential	of	OER:	

In	 water	 splitting69-71,	 OER	 is	 usually	 the	 rate−determining	 process,	 which	 exhibits	 a	 higher	
overpotential	 than	 that	 of	 HER	 due	 to	 two	 primary	 factors:	 1)	 the	 four−electron	 reaction	 to	
produce	oxygen	gas	in	comparison	to	the	two−electron	reaction	to	generate	hydrogen	gas,	and	
2)	 the	 intrinsic	sluggish	kinetics	 to	break	the	O−H	covalent	bonds	 in	water	molecules	and	the	
construction	of	O−O	bond	in	oxygen	gas.72	

The	specific	mechanisms	of	the	electrocatalytic	OER	process	have	minor	differences	in	alkaline	
solutions	and	in	acid/neutral	solutions.	The	OER	in	alkaline	electrolytes	constantly	consumes	OH−	
and	releases	water,	and	conversely,	in	acid/neutral	electrolytes,	H2O	is	consumed	as	reactants,	
and	the	products	are	protons.	Besides,	the	OER	overpotential	does	not	closely	correlate	with	the	
electrolyte	pH	values,	being	different	from	HER;	hence,	the	OER	mechanisms	in	both	acidic	and	
alkaline	 electrolytes	 are	 discussed	 together	 here,	 as	 shown	 in	 Figure	 8a	 and	 Table	 1.37,73	
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Specifically,	Equation	10	(Equation	16)	and	Equations	11−15	(Equation	17−21)	demonstrate	the	
overall	and	elementary	step	reactions	for	OER	in	alkaline	electrolytes	(acid/neutral	electrolytes),	
where	the	E	stands	for	electrodes.		

Table	1	

										Alkaline	Electrolytes	 					Acid	and	Neutral	Electrolytes	

4𝑂𝐻J → 2𝐻"𝑂 + 4𝑒J + 𝑂" ↑																Equation	10	 2𝐻"𝑂 → 4𝐻H + 4𝑒J + 𝑂" ↑																							Equation	16	

	𝑂𝐻J → 𝐸 − 𝐻𝑂∗ + 𝑒J																						Equation	11	

𝐻𝑂∗ + 𝑂𝐻J → 𝑂∗ + 𝐻"𝑂 + 𝑒J												Equation	12	

2𝑂∗ → 𝑂" ↑																																			Equation	13	

or	𝑂∗ + 𝑂𝐻J → 𝐻𝑂𝑂∗ + 𝑒J															Equation	14	

𝐻𝑂𝑂∗ + 𝑂𝐻J → 𝐻"𝑂 + 𝑂" ↑ +𝑒J									Equation	15	

𝐻"𝑂 → 𝐻𝑂∗ + 𝐻H + 𝑒J																											Equation	17	

𝑂𝐻 → 𝑂∗ + 𝐻H + 𝑒J																																Equation	18	

2𝑂∗ → 𝑂" ↑																																							Equation	19	

	or	𝑂∗ + 𝐻"𝑂 → 𝐻𝑂𝑂∗ + 𝐻H + 𝑒J																	Equation	20	

𝐻𝑂𝑂∗ → 𝑂" ↑ +𝐻H + 𝑒J																								Equation	21	

	

The	oxygen−production	process	involves	more	intermediates	(e.g.,	HO*,	O*,	and	HOO*)	than	the	
HER	process;	thus,	the	theoretical	analysis	on	OER	should	take	more	factors	into	consideration.	
From	 the	 perspective	 of	 thermodynamics,	 the	 change	 of	 Gibbs	 free	 energy	 in	 the	 reactions	
strongly	 influences	 the	 reaction	 activity.	 Ideally,	 the	Gibbs	 free	 energy	 change	 (DG)	 for	 each	
reaction	step	is	an	equal	value	of	1.23	eV.	When	setting	the	initial	reactant	water	as	the	reference	
of	energy	point	(0	eV),	the	Gibbs	free	energies	of	the	intermediates	HO*,	O*,	and	HOO*	and	the	
reaction	product	of	oxygen	gas	are	ideally	the	1.23	eV,	2.46	eV,	3.69	eV,	and	4.92	eV	separately	
(Figure	 8b).40	 In	 a	 practical	 situation,	 the	 Gibbs	 free	 energy	 for	 each	 step	 deviates	 from	 the	
theoretical	 value	 as	 strongly	 influenced	 by	 the	 binding	 energy	 between	 the	 corresponding	
intermediate	 and	 the	 electrode	 surface;	 accordingly,	 the	 step	 with	 the	 largest	 Gibbs	 energy	
deviation	is	defined	as	the	rate−determining	step	and	contributes	the	most	to	the	overall	OER	
electrochemical	overpotential.40,72		
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Figure	8.	a)	Schematic	illustration	of	OER	mechanisms	in	acid/neutral	electrolytes	(blue	lines)	and	
in	alkaline	electrolytes	 (red	 lines),	where	 the	*	 represents	 the	electrode	 surface’s	 active	 site.	
Reproduced	with	permission	from	ref	37.	Copyright	2017	Royal	Society	of	Chemistry.		b)	Gibbs	
free	energy	transitions	from	water	to	 intermediates	and	to	oxygen	gas	 in	the	OER	process,	 in	
which	the	blue	lines	and	red	lines	stand	for	the	energetics	of	a	catalyst	in	real	and	ideal	situation,	
respectively,	at	 three	different	applied	potential	 (E1,	E2,	and	E3).	Reproduced	with	permission	
from	ref	72.	Copyright	2019	Royal	Society	of	Chemistry.	

	

Despite	the	various	intermediates,	the	key	parameter	of	the	OER	process	is	the	bonding	between	
the	oxygen	atom	and	the	electrode	surface.37	The	intermediates	bind	with	the	electrode	surface	
typically	 via	 the	oxygen	atom,	where	each	 intermediate	 contains	at	 least	one	oxygen.	A	high	
binding	energy	of	electrodes	towards	oxygen	atom	increases	the	barrier	for	the	HOO*	formation;	
on	the	other	hand,	the	HO*	 intermediates	cannot	be	formed	readily	at	a	 low	binding	energy,	
which	means	the	OER	process	would	not	be	even	initiated.74	Notably,	altogether,	two	different	
routes	are	susceptible	to	form	oxygen	molecules	from	O*	intermediates,	where	one	is	via	HOO*	
in	the	following	step,	and	the	other	is	via	the	direct	combination	of	the	O*	intermediates.37	The	
first	mechanism	is	so	far	supported	by	only	a	few	materials	(e.g.,	b−MnO2),	which	may	relate	to	
the	similar	formation	energies	for	HOO*	and	HO*	intermediates	on	the	materials.75	The	latter	
mechanism	can	explain	the	behaviors	of	most	OER	electrocatalysts.		

	Of	note,	the	Gibbs	energy	difference	between	HO*	and	HOO*	intermediates	is	a	constant	value	
of	 3.2	 eV	 for	 metal	 and	 oxide	 electrocatalysts,	 no	matter	 of	 the	 external	 conditions	 (Figure	
9a	).36,74,76	On	the	right	slope	of	the	volcano	plots,	when	the	bond	strength	between	the	catalysts	
and	oxygen	is	weak,	the	oxidation	of	the	HO*	intermediate	is	the	rate−determining	step.	On	the	
left	side	of	the	volcano	plots,	the	bond	to	O*	is	strong,	and	consequently	the	formation	of	HOO*	
intermediates	becomes	the	limiting	step	for	the	OER	process.77	Thus,	value	of	(DGO*	−	DGHO*)	is	a	
descriptor	 to	 evaluate	 the	 electrocatalysts	 in	 the	 volcano	 plots	 (Figure	 9b).	 74,76	 And	 the	
approximation	 of	 the	 electrochemical	 overpotential	 for	 OER	would	 be	 derived	 based	 on	 the	
Equation	22,	where	E0	is	the	thermodynamically	calculated	OER	occurrence	potential.36	

hB =
Z[\ ∆]^,`."J∆]^

%
− 𝐸6																																																	Equation	22	

Therefore,	 those	 materials	 with	 (DGO*	 −	DGOH*)	 half	 of	 3.2	 V	 are	 capable	 OER	 catalyst	 with	
minimal	overpotentials.	On	the	other	hand,	battery	chemists	should	look	for	materials	at	the	foot	
of	the	volcano	plots,	where	either	the	formation	of	O*	or	the	formation	of	HOO*	constitutes	a	
high	overpotential.		
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Figure	9.	a)	HOO*,	O*,	HO*	binding	free	energies	on	metal	oxides,	where	the	filled	symbols	stand	
for	the	adsorption	energies	on	the	electrode	with	a	high	coverage	of	oxygen,	the	hollow	symbols	
denote	 adsorption	 energies	 on	 the	 clean	 electrode	 surfaces	 with	 no	 nearest	 neighbors,	 the	
triangles	are	for	HOO*	and	HO*	species,	and	the	circles	are	for	O*	species.	It	could	be	observed	
that	the	ΔGHOO*	−	ΔGHO*	exhibits	a	constant	value	of	3.2eV.74		b)	Volcano	plots	of	OER	catalysts	
with	the	Y-axis	of	electrochemical	overpotential	and	X-axis	of	the	Gibbs	free	energy	change	(ΔGO*	
−	ΔGHO*).	Reproduced	with	permission	from	ref	74.	Copyright	2012	Royal	Society	of	Chemistry.	

	

The	 adsorption	 energy	 towards	 the	 intermediates	 is	 correlated	 to	 an	 electrode’s	 electronic	
structure.	For	metals,	the	d−band	theory	discussed	in	the	HER	section	is	applicable	for	the	OER	
scenarios.	Note	that	metal	materials	themselves	are	typically	not	employed	as	the	cathode	in	
batteries	unless	in	halide	batteries	that	use	halide	ions	as	charge	carriers;	however,	metals	are	
still	relevant	to	serve	as	current	collectors	in	aqueous	batteries.	In	brief,	the	state	of	partly	filled	
anti−bonding	orbitals	 formed	by	the	oxygen−metal	bonding,	which	 is	 influenced	by	the	metal	
d−band	 position	 (or	 ed),	 is	 correlated	 to	 the	 metal−adsorbate	 interaction	 strength	 (Figure	
10a).34,78,79		

For	metal	oxides,	particularly	the	3d−transition-metal	ones,	it	is	reported	that	the	filling	of	the	
metal’s	3d	eg	and	t2g	orbitals	correlates	with	the	adsorption	energy	of	oxygen	intermediates,	as	
supported	by	the	DFT	simulation	(Figure	10b).80,81	The	interactions	between	the	metal	3d−band	
states	and	the	O	2p	band	produce	the	bonding	and	anti−bonding	bands.	The	bonding	strength	
depends	 on	 the	 extent	 of	 band	 filling	 (Figure	 10c).34,82,83	 Specifically,	 the	 strongest	 bond	 is	
associated	with	fully−filled	bonding	states	and	an	empty	O	anti−bonding	states.81	Furthermore,	
it	 was	 exemplified	 by	 some	 double	 perovskites	 that	 the	 OER	 catalysis	 activities	 would	 be	
enhanced	when	the	O	p−band	center	is	close	to	the	Fermi	energy	of	the	metal	oxide.82	To	mitigate	
OER,	it	would	therefore	be	necessary	to	identify	electrodes	of	metal	oxides	with	the	O	p−band	
center	far	from	the	oxides’	Fermi	level,	which	will	also	enhance	the	structural	stability.	Of	note,	
the	 d−band	 energy	 could	 also	 be	 affected	 by	 the	 metal’s	 valence	 states,	 the	 dopants,	 the	
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coordination	 environment	 of	 metals,	 which	 offers	 opportunities	 to	 reduce	 electrode’s	 OER	
activity	for	high-voltage	aqueous	batteries.75,84-88		

OER	can	be	a	challenge	for	carbonaceous	positive	electrodes	in	electrical	double-layer	capacitors	
(EDLCs),	also	known	as	supercapacitors89,	and	the	cathode	in	aqueous	dual	ion	batteries	(DIBs)90.	
the	analysis	of	OER	for	carbon−based	electrode	materials	is	via	the	“natural	bond	order	(NBO)”	
method,	similar	to	the	“d−band”	theories	for	transition	metal	catalysts.91,92	And	the	difference	
between	the	highest	energy	of	the	valence	band	and	lowest	energy	in	the	conduction	band,	i.e.,	
Ediff,	represents	the	indicator	to	evaluate	the	binding	energy	with	oxygen−intermediates.	After	
hybridizing	with	orbitals	of	the	oxygen−intermediates,	a	fully	filled	bonding	(v−s)	and	a	partially	
filled	anti−bonding	(v−s*)	will	be	formed	at	lower	and	higher	energy	levels,	respectively.	A	higher	
filling	of	antibonding	weakens	the	bond	between	the	intermediates	and	carbonaceous	surface	
while	a	lower	filling	of	antibonding	enhances	the	bonding	strength	(Figure	10d).91		

Besides	the	intrinsic	electronic	properties	of	the	carbon	materials,	their	surface	hydrophobicity	
also	 has	 impacts	 on	 the	 HO*	 binding	 energy.93	 Decorating	 OER	 catalyst’s	 surface	 with	
hydrophobic	 polymers	 (e.g.,	 polytetrafluoroethylene	 (PTFE))	 could	 significantly	 improve	 the	
selectivity	of	hydrogen	peroxide	production	relative	to	OER.	The	hydrophobic	surface,	together	
with	 the	 trapped	 O2	 gas	 bubbles	 near	 electrodes,	 interrupt	 the	 formation	 of	 the	 H-bonds	
between	HO*	intermediates	on	electrodes	and	H2O	molecules	in	electrolytes,	which	destabilizes	
the	absorption	of	HO*	on	the	electrode.	When	the	binding	energy	of	HO*	is	at	an	intermediate	
level,	OER	can	be	controlled	to	be	2-electron	oxidation	in	forming	H2O2.	
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Figure	10.	a)	Relationship	between	the	d-band	center	position	in	the	electronic	structure	and	the	
oxygen	 chemisorption	 energy	 for	 metal	 catalysts.	 Reproduced	 with	 permission	 from	 ref	 79.	
Copyright	2000	Elsevier.	b)	Schematic	illustration	of	orbital-filling	states	in	transition	metal	oxide	
catalysts	before	and	after	binding	with	oxygen	adsorbents.	Reproduced	with	permission	from	ref	
81.	Copyright	2011	AAAS.		c)	Schematic	illustration	of	orbitals	splitting	in	transition	metal	oxide	
catalysts	 after	 forming	 the	 oxide–oxygen	 bonding.	 Reproduced	with	 permission	 from	 ref	 34.	
Copyright	2015	Royal	 Society	of	Chemistry.	 d)	 Schematic	 illustration	of	 the	graphene–oxygen	
bonding	process.	Reproduced	with	permission	from	ref	91.	Copyright	2014	American	Chemical	
Society.	

In	addition	to	the	material’s	intrinsic	properties,	the	working	conditions	e.g.,	pH	and	potential,	
may	also	influence	the	OER	activity	through	changing	their	surface	compositions.34	The	Pourbaix	
diagram	of	manganese	oxides	(MnOx)	reveals	the	transition	of	stable	phases	at	various	applied	
potentials	and	the	pH	of	surrounding	environment	(Figure	11).75	Specifically,	the	bulk	of	MnOx	
would	undergo	the	phase	transition	from	Mn2O3	to	MnO2	(110)	between	1.01	V	and	1.21	V	vs.	
RHE	and	the	dominant	adsorbate	on	 its	surface	 is	HO*.	When	the	applied	potential	 increases	
above	1.21	V,	 the	 surface	would	be	 further	oxidized	while	 the	 surface	adsorbate	 is	 gradually	
replaced	by	O*.	Hence,	 at	 the	OER	 theoretical	 onset	 potential,	 the	dominant	 composition	of	
MnOx	surface	is	O*	covered	MnO2,	which	is	irrelevant	to	the	initial	composition	of	the	material.	
Similarly,	metals	such	as	Ru	also	tend	to	be	corroded	at	high	anodic	potential	and	catalyze	OER	
through	the	surface	oxide	film.94			

	

	

Figure	11.	Surface	Pourbaix	diagram	of	MnOx	electrodes,	where	lines	a	and	b	stand	for	the	RHE	
line	 and	 the	O2/H2O	 equilibrium	 line,	 respectively.	 Reproduced	with	 permission	 from	 ref	 75.	
Copyright	2012	Royal	Society	of	Chemistry.			
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Overall,	the	fundamental	issues	of	OER—the	reaction	mechanism,	the	origins	of	electrochemical	
overpotentials,	 the	 criteria	 to	 evaluate	 and	 predict	 cathodes’	 performances—are	 the	 critical	
knowledge	 base	 and	 the	 references	 to	 guide	 the	 design	 for	 high-performance	 cathodes	 in	
aqueous	 batteries.	 Like	 the	 HER,	 the	 fundamental	 correlation	 between	 OER-catalytic	
performance	 and	 the	 electronic	 structure	 of	 electrodes	 is	 still	 lacking,	 which	 remains	 the	
bottleneck	for	the	field.			
	

3.3	Ohmic	and	Concentration	Overpotential:	

The	electrochemical	overpotential	involves	the	finesse	of	mechanisms	for	water	electrolysis.	By	
contrast,	the	origins	of	Ohmic	and	concentration	overpotentials	are	more	straightforward;	these	
overpotentials	 are	 influenced	by	 the	physical	 properties	 of	 electrodes,	e.g.,	 surface	 electrical	
conductivity,	morphology,	surface	area,	and	electrolytes,	e.g.,	pH,	salt	concentration,	and	ionic	
conductivity.	For	the	Ohmic	overpotential,	 it	derives	 from	the	 internal	 impedance	of	 the	cells	
(e.g.,	electrodes,	electrolytes).	Among	the	factors,	the	electrode	materials’	electrical	conductivity	
(s)	is	strongly	correlated	to	materials’	band	structure,	e.g.,	the	width	of	band	gap.95		

The	 concentration	 overpotential	 originates	 from	 the	 depletion	 of	 reactants	 relative	 to	 the	
product	near	the	electrode’s	active	surface.	More	specifically,	the	electrode	active	surface	refers	
to	 the	 sites	 that	exhibit	electrocatalytic	 ability,	 including	 the	exposed	active	 sites	and	hidden	
active	sites.	The	supply	shortage	of	the	reactants	to	the	surface	limits	the	reaction	kinetics.	Hence,	
the	 primary	 factor	 on	 influencing	 the	 concentration	 overpotential	 is	 the	 amount	 of	 exposed	
active	 sites	 on	 surface,	 which	 involves	 factors	 such	 as	 electrode	 surface	 area	 and	
microstructure.96	A	large	concentration	polarization	on	water	electrolysis	will	be	produced	if	the	
active	sites	are	hidden.	For	example,	increasing	the	preparation	temperatures	has	been	proven	
a	 feasible	 strategy	 to	 reduce	 metal	 oxide’s	 OER	 activity.97	 A	 critical	 factor	 is	 the	 enlarged	
crystallite	 size	 followed	 by	 the	 shrinkage	 of	 surface	 area,	 thus	 reducing	 the	 active	 sites	 on	
electrodes.	

The	 other	 influencing	 factors	 relate	 to	 the	 electrolyte	 nature.	 H+	 and	 OH−	 are	 the	 preferred	
reactants	 for	 HER	 and	 OER,	 respectively.	 In	 particular,	 HER	 is	 very	 sensitive	 to	 the	 pH	 of	
electrolytes	and	suffers	from	distinctly	high	overpotentials	in	alkaline	electrolytes	due	to	several	
factors	 (see	 Section	 3.1.2	 for	 details),	 among	 which	 poisoning	 of	 active	 sites	 by	 HO*	
intermediates	should	be	categorized	to	the	concentration	overpotential.		

An	exception	to	the	trend	of	the	HER	activity	as	a	function	of	the	pH	values	was	reported	for	a	
Pt/C	electrode,	which	exhibits	a	lower	activity	in	the	0.01	M	KOH	electrolyte	than	that	in	the	1	M	
KOH	electrolyte.98	Another	exception	is	that	neutral	electrolytes	are	more	advantageous	in	 inhibiting	
HER	and	OER.	In	neutral	electrolytes,	the	HER	and	OER	follow	the	Equation	8	and	Equation	16	to	
occur	on	anode	and	cathode	surfaces,	respectively	The	locally	generated	OH-	and	H+	alter	the	
local	pH	values	dramatically	near	the	electrodes,	which	shifts	the	local	gas	evolution	potentials	
according	to	the	Pourbaix	diagram	(Figure	3).2,99	Another	minor	factor	is	that	neutral	electrolytes	
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possess	 higher	 resistance,	 resulting	 in	 greater	Ohmic	overpotentials.100,101	 Consequently,	HER	
and	OER	typically	exhibit	high	overpotentials	in	neutral	media,	e.g.,	>460	mV	at	10	mA	cm–2	for	
OER	and	>200	mV	at	10	mA	cm–2	for	HER;	this	phenomenon	bestows	neutral	aqueous	electrolytes	
wide	operation	potential	windows.2	Therefore,	when	evaluating	the	electrochemical	stability	of	
electrolytes,	 the	 local	 pH	 near	 the	 electrodes	 is	 a	 more	 reliable	 indicator	 over	 that	 of	 bulk	
electrolyte.			

	

4.	Strategies	of	HER/OER	Suppression	in	Aqueous	Batteries:	

Water	 electrolysis	 can	 take	 place	 during	 the	 charging,	 discharging,	 and	 idling	 processes	 of	
batteries.	In	practical	applications,	an	idling	battery	can	be	at	any	of	its	state	of	charge	(SOC).	If	
this	battery	 is	deeply	discharged,	 the	potential	of	 its	cathode	should	be	below	the	OER	onset	
potential;	therefore,	OER	is	not	a	concern	for	a	discharged	battery.	However,	on	the	anode	side,	
if	there	exists	an	excess	of	active	mass,	e.g.,	Zn	metal,	the	anode	can	still	react	with	the	aqueous	
electrolytes	in	reduction,	resulting	in	HER,	which	resembles	the	electroless	metal	corrosion	under	
aqueous	or	humid	environments.	On	 the	other	hand,	 if	 a	 battery	 starts	 idling	 after	 charging,	
where	it	contains	a	significant	amount	of	energy	stored	and	the	cathode	and	anode	are	at	their	
oxidized	and	reduced	format,	respectively.	In	this	case,	both	HER	and	OER	may	take	place.	During	
the	idling	of	batteries,	either	HER	or	OER	is	a	primary	contributor	to	the	battery	self-discharge.	
Regarding	water’s	electrolysis,	charging	is	more	complexed	than	that	in	idling	state	cells,	where	
both	electrodes	involve	two	competing	processes:	hosting	charges	for	energy	storage	and	serving	
as	the	conducting	surface	for	water	electrolysis.		

The	 electrochemical	 stability	 of	 aqueous	 electrolytes	 is	 co-influenced	 by	 the	 thermodynamic	
stability	of	electrolytes	and	the	kinetic	overpotentials	of	 the	water	electrolysis	processes.	The	
thermodynamic	stability	is	the	intrinsic	property	of	the	water	solvents,	which	is	independent	of	
the	cell	states.	As	mentioned	in	Section	2,	it	is	closely	related	to	the	O-H	bond	strength	inside	
the	water	molecules	 and	 the	pH	of	 electrolytes.	 In	order	 to	enlarge	 the	operating	 voltage	of	
aqueous	electrolytes,	one	strategy	is	to	promote	the	thermodynamic	stability	of	water;	another	
is	to	enhance	the	HER	and	OER	overpotentials	for	anodes	and	cathodes,	respectively.		

Water	electrolysis	is	a	surface−controlled	reaction,	whereas	the	charge	storage	involves	not	only	
a	 surface-controlled	 process	 (i.e.,	 the	 electrical	 double	 layer	 capacitance)	 but	 also	 processes	
where	ions	diffuse	beneath	the	surface	of	solids.	However,	on	the	electrode	surface,	the	charge	
storage	process	competes	with	the	parasitic	HER/OER	for	the	surface−active	sites	to	complete	
the	charge	transfer,	where	the	charge-storage	reactions	may	affect	the	overpotentials	of	water	
electrolysis.		

Accordingly,	strategies	have	been	developed	to	widen	the	electrolytes’	electrochemical	stability	
window	by	 suppressing	 the	water-splitting	 reactions	 for	 high-voltage	 aqueous	 batteries.	 This	
section	will	firstly	introduce	the	mechanisms	and	influencing	factors	on	the	competition	between	
water	 splitting	 and	 charge	 storage	 process	 at	 both	 charging	 and	 idling	 states	 of	 cells.	 The	
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strategies	to	suppress	water	electrolysis	from	both	perspectives	of	thermodynamics	and	kinetics	
will	be	summarized	and	discussed	in	combination	with	the	associated	mechanisms	and	the	recent	
advances	in	the	fields.		

4.1	Competition	Mechanisms	and	Influencing	Factors:	

4.1.1	HER	on	Anode:	

In	aqueous	batteries,	the	HER	process	can	occur	on	the	anode	surface	during	the	charging	process.	
Generally,	the	relationship	of	potentials	(Equation	23)	should	be	met	to	be	HER	free,	where	the	
𝐸-%.+(*E%	stands	 for	 the	 thermodynamic	oxidation	potential	of	 the	anode,	 the	h-%.+(*E%	is	 the	
overpotential	of	anode’s	oxidation	reaction,	the	𝐸QBC 	represents	the	ideal	HER	potential	at	the	
pH	value,	and	the	hQBC 	is	the	overpotential	of	HER	reaction.	

𝐸-%.+(*E% − h-%.+(*E% > 𝐸QBC − hQBC 																																															Equation	23	

To	achieve	the	ultimate	goal	of	high-voltage	aqueous	batteries,	the	anode	is	expected	to	exhibit	
a	low	redox	potential	with	fast	reaction	kinetics	(low	h-%.+(*E%)	and	a	high	HER	overpotential.		

Figure	12	schematically	depicts	the	competition	between	the	HER	and	the	charge	storage	during	
the	charging	process.	With	the	potential	decreasing,	the	hydrated	cations	that	involve	in	charge	
storage	and	hydronium/water	that	participates	in	the	HER	process	diffuse/migrate	towards	the	
anode	surface.	In	the	diffusion	step,	the	characteristics	of	electrolytes	such	as	ionic	conductivity,	
pH,	 salt	 concentrations	have	 strong	 impacts	on	 the	 concentration	overpotential.	Besides,	 the	
Helmholtz	 double	 layer	 formed	 on	 the	 electrode	 surface	 sets	 a	 diffusion	 barrier	 for	 charge	
carriers	 (e.g.,	 H3O+)	 through	 affecting	 the	 local	 arrangement	 of	 ions	 and	water	molecules.102	
Afterwards,	 the	 charge	 carriers	 get	 adsorbed	 on	 the	 electrode	 surface	 and	 compete	 for	 the	
electrochemical−active	sites,	during	which	the	amount	of	free	water	molecules	in	electrolytes,	
hydrophilicity/hydrophobicity	 of	 electrode	 surface,	 and	 the	 density	 of	 electrochemical−active	
sites	on	the	electrode	surface	are	the	determining	factors	on	the	concentration	overpotential	of	
HER.	 Notably,	 the	 density	 of	 electrochemical-active	 sites	 on	 the	 electrode	 surface	 is	 closely	
correlated	to	active	materials’	surface	morphology,	the	adsorption	preference	on	charge	carriers,	
and	 the	 additives	 in	 electrolytes.	Meanwhile,	 the	 adsorbed	 protons	 or	 water	 molecules	 will	
compete	 for	 electrons	 against	 the	 adsorbed/inserted	 charge	 carriers	 of	 the	 energy	 storage	
process,	 in	 which	 the	 intrinsic	 adsorption	 energy	 of	 H*	 intermediates	 on	 electrodes,	 energy	
storage	chemistries,	surface	electrical	conductivity,	and	water	dissociation	capability	specifically	
in	alkaline	electrolytes	play	important	roles.	The	proposed	competition	routes	between	HER	and	
charge	 storage	 are	 expected	 to	 be	 applicable	 for	 most	 charge	 storage	 mechanisms,	 e.g.,	
intercalation,	conversion,	plating,	and	pseudo-capacitance.103		

During	 the	 idling	 state	 of	 batteries,	 the	 HER-caused	 corrosion	 replaces	 the	 electrocatalytic	
reaction,	playing	the	dominant	role.	The	spontaneous	corrosion	reaction	results	from	the	anode’s	
oxidation	potential	being	lower	than	the	reduction	potential	of	water.	Unlike	the	electrocatalytic	
HER,	the	corrosion	consumes	active	mass	of	electrodes,	thus	causing	self-discharge,	decreasing	
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the	CE,	and	shortening	the	cycle	life	of	cells.	During	charging,	reduction	takes	place	on	anode	at	
a	potential	lower	than	its	potential	of	zero	charge	(PZC);	thus,	the	electrode	surface	is	negatively	
charged.	However,	during	idling,	the	anode	surface	is	in	contact	with	aqueous	electrolytes,	where	
depending	on	its	PZC,	the	anode	surface	can	be	either	positively	charged	or	largely	neutral.	For	
example,	 for	 pure	 Zn	metal,	 its	 PZC	 is	 lower	 than	 the	 potential	 corresponding	 to	 the	 lowest	
unoccupied	molecular	orbital	 (LUMO)	of	water	at	all	pH	values,	 there	would	be	electron	over	
spilled	 from	 Zn	 to	 the	 interface	 with	 the	 aqueous	 electrolytes,	 thus	 causing	 the	 Zn	 surface	
positively	charged.	An	important	consequence	is	that	it	would	be	the	oxygen	end	of	water	that	
is	oriented	toward	the	electrode	surface,	which	is	the	opposite	compared	to	the	scenario	during	
plating	of	Zn.	Thus,	it	can	be	posited	that	HER	may	be	more	severe	during	plating	with	protons	
pointed	to	Zn	metal	surface	compared	to	idling.	On	the	other	hand,	the	PZC	of	pure	iron’s	surface	
is	higher	than	the	potential	corresponding	to	the	LUMO	of	water	at	basic	pH	values;	therefore,	
the	surface	of	iron	may	not	be	heavily	charged.	As	for	corrosion,	the	thermodynamic	factors	on	
HER	 activity	 include	 the	 thermodynamic	 stability	 of	 water	 and	 the	 electrode’s	 equilibrium	
electrode	 potential;	 the	 kinetic	 factors	 include	 the	 intrinsic	 adsorption	 energy	 of	 H*	
intermediates	 on	 electrodes,	 the	 wetting	 of	 electrodes	 by	 the	 electrolytes,	 and	 the	 surface	
electrical	conductivity.	

Overall,	inhibiting	HER	in	aqueous	batteries	can	be	achieved	by	strategies,	including	enhancing	
the	thermodynamic	stability	of	electrolytes,	applying	anodes	with	high	selectivity	towards	the	
charge	storage	process,	and	reducing	surface	active	sites	 that	bind	hydrogen.	We	will	discuss	
these	strategies	in	the	following	sections.	

	

	

Figure	12.	Schematic	illustration	of	the	competing	routes	between	HER	and	redox	reaction	over	
the	negative	electrode	during	the	charging	process	(left),	where	the	cation	charge	carriers	(yellow	
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balls)	are	either	adsorbed	on	the	electrode	surface	or	inserted	into	the	electrode,	displayed	by	
the	schematic	magnifier,	and	the	electrode	at	the	idling	state	(right).	The	blue	gradient	area	near	
anode	represents	the	Helmholtz	double	layer	formed	during	charging	state.	

	

4.1.2	OER	on	Cathode:	

OER	 can	 occur	 on	 the	 cathode	 during	 or	 after	 the	 charging	 process,	 and	 during	 charging,	 it	
competes	against	the	charge	storage	process	to	contribute	electrons.	The	conditions	in	Equation	
24	need	to	be	met	to	facilitate	the	stable	operation	of	the	cathode,	where	the	𝐸bDM*(*E%	stands	
for	the	thermodynamic	oxidation	potential	of	the	cathode,	the	hbDM*(*E%	is	the	overpotential	of	
cathode’s	oxidation	 reaction,	 the	𝐸cBC 	represents	 the	 thermodynamic	OER	potential,	 and	 the	
hcBC 	is	the	overpotential	of	OER	reaction.	

𝐸bDM*(*E% + hbDM*(*E% < 𝐸cBC + hcBC 																																																Equation	24	

For	high-voltage	aqueous	batteries,	the	cathode	should	exhibit	both	a	high	redox	potential	on	
the	basis	of	 fast	 reaction	kinetics	 (low	hbDM*(*E%)	 and	a	high	OER	overpotential.	 Their	detailed	
competition	process	is	schematically	shown	in	Figure	13.		

During	charging,	upon	increasing	the	potential,	hydrated	OH-	or	water	that	involves	in	the	OER	
process	migrates/diffuses	towards	the	cathode	surface,	while	the	de-insertion	of	cation	or	the	
insertion	of	anion	charge	carriers	for	energy	storage	occurs	in	the	electrodes.	The	OER	and	the	
charge	storage	will	compete	for	the	electrochemical−active	sites	on	the	electrode	surface.	Then,	
the	adsorbed	species	of	OER	will	compete	to	donate	electrons	to	the	cathode	against	the	cathode	
itself	in	cation	de−insertion	or	anion	insertion.104,105		

Similar	to	the	HER,	the	charged	cathode	at	idling	states	may	also	induce	OER	by	directly	reacting	
with	H2O	when	its	equilibrium	electrode	potential	is	higher	than	the	oxidation	potential	of	water.	
In	 this	 case,	 the	surface	of	 the	electrode	may	be	negatively	charged,	where	 in	 the	Helmholtz	
double-layer,	water	molecules	may	orient	 toward	 the	electrode	with	 their	end	of	hydrogens.	
During	idling,	OER	at	the	cathode	and	together	with	HER	at	the	anode	contributes	to	the	self-
discharge	of	batteries,	which	is	often	observed	for	aqueous	batteries.		

To	 suppress	 OER,	 thermodynamic	 strategies	 have	 been	 reported	 to	 improve	 the	 electrolyte	
stability	by	strengthening	 the	O-H	bonds	of	H2O.	Meanwhile,	 the	strategies	of	kinetics	aim	at	
enhancing	 the	OER	overpotential	by	approaches	 such	as	 tuning	 the	 selectivity	of	active	 sites,	
applying	surfactants	on	electrodes,	coating	electrodes	by	 the	artificial	 solid-state	 interphases,	
and	adding	redox	additives	in	electrolytes.	It	is	worth	noting	that	the	field	of	OER	is	inundated	
with	 studies	 on	 OER-promoting	 electrocatalysts,	 where	 the	 trends	 of	 their	 varying	 catalytic	
properties	have	been	reported.	Here,	we	will	provide	some	opposite-direction	extrapolation	of	
these	trends	to	speculate	what	properties	are	conducive	to	OER	suppression.	OER	suppression	
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has	not	received	as	much	attention	in	comparison	to	the	HER	process	of	anode	materials,	where	
one	factor	is	the	inherently	high	overpotentials	under	acidic/neutral	conditions.15		

	

	

Figure	13.	Schematic	illustration	of	the	competing	routes	between	OER	and	the	redox	reaction	
over	the	positive	electrode	during	the	charging	process	(left),	where	the	cation	charge	carriers	
(yellow	 ball)	 are	 either	 adsorbed	 on	 the	 electrode	 surface	 or	 intercalated	 into	 the	 electrode	
according	to	the	energy	storage	chemistries	at	the	initial	state,	and	the	electrode	at	the	idling	
state	(right).		

	

4.2	HER/OER	Suppression	Strategies:	A	Thermodynamics	Perspective	

The	thermodynamic	stability	of	water	primarily	depends	on	its	O-H	covalent	bond	strength.	In	
aqueous	electrolytes,	water	has	a	complex	chemical	environment:	either	strongly	coordinating	
cations,	 or	 weakly	 coordinating	 anions,	 or	 freely	 roaming	 in	 electrolytes.	 To	 promote	 the	
thermodynamic	stability	of	aqueous	electrolytes,	efforts	have	been	made	to	strengthen	the	O-H	
bonds	of	H2O	through	tailoring	its	chemical	environment.	Besides,	the	specific	thermodynamic	
HER/OER	 potentials	 are	 also	 affected	 by	 the	 pH	 of	 electrolytes,	 where	 HER	 and	 OER	 are	
disfavored	 in	 alkaline	 and	 acidic	 environments,	 respectively.	 In	 this	 section,	 we	 will	 review	
strategies,	 including	 1)	 the	 strengthening	 of	 O-H	 bonds	 in	water	molecules,	 which	 could	 be	
achieved	 via	 the	 salt-concentrated	 electrolytes	 and	 the	 electrolyte	 additives,	 and	 2)	 the	
decoupling	of	alkaline	anolyte	and	acidic/neutral	catholyte.	

4.2.1	Strengthening	O-H	bonds	in	Water:	
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The	strength	of	O-H	covalent	bonds	in	water	is	the	key	to	its	thermodynamic	stability.	As	such,	
stiffening	O-H	bonds	is	regarded	an	effective	route	to	suppress	detrimental	water	electrolysis	in	
aqueous	batteries.	In	this	section,	we	will	discuss	the	pertinent	strategies,	including	1)	the	salt-
concentrated	electrolytes,	where	all	H2O	molecules	are	arrested	 in	 cation’s	primary	 solvation	
shells,	and	O-H	bond	is	reinforced,	and	2)	the	electrolyte	additives	e.g.,	cosolvents,	salts,	and	
organics,	which	improve	the	electrolyte	stability	by	binding	with	cations	or	H2O	molecules.	

4.2.1.1	Salt-Concentrated	Electrolytes:	

A	high	concentration	of	salts	profoundly	affects	the	chemical	environment	of	both	solvated	ions	
and	solvent	itself,	where	the	OER	and	HER	properties	of	water	can	be	significantly	altered.	Along	
this	line,	WiSE	have	been	reported,	where	the	dissolved	ions	exceed	the	H2O	molecules	in	their	
molar	fraction	of	the	solution.	As	a	result,	most	H2O	molecules	are	bound	in	the	primary	solvation	
sheath	 rather	 than	 the	 secondary,	 and	 even	 the	 first	 solvation	 sheath	 can	 be	 incomplete	
compared	to	conventional	coordination	numbers.10	In	WiSE,	the	activity	of	water	decreases,	and	
there	 are	 few	 free	 water	molecules,	 where	 these	 factors	 may	 shift	 the	 HER	 and	 OER	 onset	
potentials,	bestowing	a	wider	electrochemical	stability	window.		

The	 salt	 prolifically	 used	 in	WiSE	 is	 lithium	 bis(trifluoromethanesulfonyl)imide	 (LiTFSI),	 which	
exhibits	high	solubility	in	water.	The	20	m	(20	moles	of	solute	in	1	kg	water)	LiTFSI	electrolyte	
exhibits	a	H2O/Li+	molar	ratio	of	2.67.10	This	electrolyte	demonstrates	a	wide	voltage	window	
from	1.9	-	4.9	V	vs.	Li/Li+	at	10	mV	s-1.	Based	on	the	21	m	LiTFSI	WiSE,	the	cell	composed	of	
LiMn2O4	and	Mo6S8	electrodes	presents	an	energy	density	of	100	Wh	kg−1	based	on	the	mass	of	
electrodes	as	well	as	excellent	capacity	retention	(68%	capacity	remained	after	1000	cycles	at	4.5	
C).	The	authors	attributed	the	wider	electrochemical	stability	window	of	the	electrolyte	partially	
to	the	stronger	O-H	in	primary	solvation	sheath	bonds,	as	discussed	in	Section	2,	respectively.	
Besides,	it	was	also	pointed	out	that	the	wider	window	is	partially	due	to	the	formation	of	SEI	on	
the	anode’s	surface,	which	would	be	expanded	for	discussion	in	Section	4.3.3.10,28	

To	 further	 decrease	 the	 number	 of	 free	 H2O	 in	 electrolytes,	 a	 second	 salt	 (e.g.,	 lithium	
trifluoromethanesulfonate	(LiOTf))	was	added	into	LiTFSI-based	WiSE	to	form	a	‘water-in-bisalt’	
electrolytes	(WiBEs)	(21	m	LiTFSI–7	m	LiOTf).106,107	Consequently,	the	21	m	LiTFSI	and	7	m	LiOTf	
WIBS	electrolyte	 contains	28	m	Li+,	 thus	decreasing	 the	H2O/Li+	 ratio	 to	2	 and	expanding	 the	
voltage	window	to	1.83	-	4.9	V	vs.	Li/Li+	at	a	scan	rate	of	10	mV	s-1.	Based	on	the	electrolyte,	the	
cell	comprising	the	TiO2	anode	and	the	LiMn2O4	cathode	delivers	a	discharge	voltage	of	2.1	V	and	
an	 energy	 density	 of	 100	 Wh	 kg−1	 based	 on	 the	 mass	 of	 the	 electrodes.	 Likewise,	 the	
monohydrate	melt	(22.2	m	LiTFSI–33.3	m	LiPTFSI)	and	hydrate	melt	(19.4	m	LiTFSI–8.3	m	LiBET)	
present	similar	performances.108		

Furthermore,	mixing	two	room	temperature	hydrate	melts	at	a	eutectic	ratio	can	minimize	free	
H2O	in	electrolytes.109	 For	 the	mixture	of	 Li(TFSI)x(BETI)1-x(H2O)n,	 the	water	amount	 (n)	 is	 at	 a	
minimum	point	of	2	when	the	molar	ratio	(x)	is	0.7	(Figure	14a),	where	the	water	molecules	are	
all	isolated	from	each	other	and	coordinated	in	the	primary	hydration	shell	of	Li+.109	The	single	
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strong	peak	at	3565	cm-1	in	the	Raman	spectrum	corroborates	the	diminishing	number	of	free	
water	molecules,	where	such	a	spectrum	remembers	that	of	crystalline	hydrates	(Figure	14b).	
Consequently,	the	electrolyte	of	eutectic	hydrate	melts	exhibits	a	wide	electrochemical	stability	
window	of	3.8	V	(~1.25	-	5.25	V	vs.	Li+/Li)	at	a	low	scan	rate	of	0.1	mV	s-1,	thus	enabling	the	stable	
operation	of	the	Li4Ti5O12	anode	at	1.55	V	vs.	Li+/Li	and	the	LiNi0.5Mn1.5O4	cathode	at	4.25	V	and	
5	V	vs.	Li+/Li.	

However,	the	heavy	usage	of	fluorinated	lithium	salts	in	highly	concentrated	electrolytes	raises	
concerns	on	cost,	toxicity,	and	environmental	impacts.	Alternatively,	some	metal	acetates	with	a	
lower	 price	 and	 toxicity	 were	 used	 to	 produce	 the	 WiSE,	 such	 as	 the	 ammonium	 acetate	
(NH4Ac)110	and	the	potassium	acetate	(KAc).111,112	Notably,	the	30	m	KAc	electrolyte	exhibits	a	
wide	stability	window	from	-1.5-1.7	V	vs.	SHE	at	a	scan	rate	of	1	mV	s-1.112	Besides,	the	amount	
of	free	H2O	molecules	in	the	KAc-based	WiSE	could	be	further	reduced	by	adding	another	metal	
acetate	 salt,	 including	 the	 NH4Ac,113	 lithium	 acetate	 (LiAc),114	 sodium	 acetate	 (NaAc).115	 For	
instance,	in	the	eutectic	mixture	of	32	m	KAc–8.0	m	lithium	acetate	(LiAc),	the	H2O/cations	ratio	
is	as	low	as	1.3,	theoretically	with	no	free	water	molecules	in	the	electrolytes.114		

Recently,	inexpensive	metal	halide-based	electrolytes	have	caught	attention	as	well.	For	instance,		
the	ZnCl2-based	WiSE	has	been	broadly	reported	for	applications	in	aqueous	zinc-ion	batteries.116	
When	 increasing	 the	 salt	 concentration	 from	 5.0	 m	 to	 30	 m,	 the	 OER	 onset	 potential	 is	
considerably	improved	from	1.3	V	to	1.8	V	vs.	SHE	at	a	scan	rate	of	0.2	mV	s-1,	demonstrating	the	
higher	oxidation	stability	of	the	electrolyte	(Figure	14c).	Furthermore,	the	effect	of	adding	the	
second	 salt	was	also	 investigated.29	 In	 an	optimized	 concentration	of	 30	m	ZnCl2	 +	10	m	LiCl	
(referred	to	as	30ZC10LC)	compared	to	that	of	30	m	ZnCl2	(30ZC),	the	O–H	stretching	mode	in	
Raman	spectra	blue-shifts	 from	3454	cm-1	 in	30ZC	to	3481	cm-1	 in	30ZC10LC,	which	suggests	
shorter	and	stronger	O-H	bonds.29	Consequently,	the	thermodynamically	more	stable	electrolyte	
could	 effectively	mitigate	 the	 corrosion	 of	 the	 Zn	metal	 anode	due	 to	HER	 and	 enable	more	
reversible	plating/stripping	of	Zn	metal	anode.		

Another	 critical	 group	 of	 salt-concentrated	 electrolytes	 is	 called	 deep	 eutectic	 solvents	
(DES).90,117,118	 The	 aforementioned	WiSE	 necessitates	 the	 high	 solubility	 of	 salts	 in	 water.	 In	
contrast,	the	DES	electrolytes	are	generally	composed	of	two	more	components	besides	water,	
including	one	salt	and	one	hydrogen	bond	donor	(HBD)	that	associate	with	each	other	through	
hydrogen	bond	 interactions.119	More	 importantly,	 the	produced	DES	 is	 featured	with	a	 lower	
freezing	point	than	that	of	each	individual	component,	allowing	the	DES	to	remain	in	the	liquid	
state	at	 room	 temperature.119	When	a	 trace	amount	of	water	 (i.e.,	 hydrate	water	of	 salts)	 is	
added	into	the	DES,	the	original	chemical	environment	inside	would	be	altered;	specifically,	the	
water	 molecules	 may	 partially	 replace	 HBDs	 and	 anions	 to	 enter	 cation’s	 primary	 solvation	
shell.117	Similar	to	WiSE,	no	free	water	would	exist	in	the	DES-based	aqueous	electrolytes.	For	
instance,	 a	 DES-based	 electrolyte	 composed	 of	 LiTFSI,	 Zn(TFSI)2,	 urea,	 and	 water	 with	 the	
Zn2+/Li+/urea/water	molar	 ratio	 of	 1:20:76:40	was	 investigated.117	 The	 electrolyte	 presents	 a	
widened	thermodynamic	stability	window	from	-1.26	to	1.66	V	vs.	SHE	at	a	scan	rate	of	0.2	mV	
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s-1.	DFT-MD	simulation	reveals	the	unique	electrolyte	structure,	where	water	confined	in	the	
cation	solvation	shell	interacts	with	TFSI-	anions	and	urea	through	hydrogen	bonds.	

A	 localized	WiSE	can	be	formed	near	the	surface	of	 the	anode	by	a	metal	organic	 framework	
(MOF)	coating.	A	coating	of	ZIF-7	was	doctor-bladed	on	Zn	metal	anode,	through	the	tiny	pores	
of	which	Zn(H2O)62+	has	to	dehydrate.	The	dehydration	concentrates	the	electrolyte	to	become	
Zn2+×SO4

2-×H2O	inside	the	MOF.120	The	transition	brought	by	the	MOF	coating	is	verified	by	the	
Raman	spectra.	The	author	observed	that	the	v-SO4

2-	band	shifts	to	a	higher	frequency	at	992	cm-

1,	indicating	the	stronger	and	closer	Zn2+×SO4
2-	ion	coordination	in	MOF	pores	than	that	in	bulk	

electrolytes	 (Figure	 14d).	 They	 also	 observed	 the	 intensity-diminishing	 and	 blue-shifted	 O-H	
stretching	vibration	band,	which	suggests	dehydration	of	salt	ions	(Figure	14e,	f).	

	

	

	

	

Figure	14.	a)	Liquidus	line	of	Li(TFSI)x(BETI)1−x	salt–water	mixtures,	where	the	Li(TFSI)0.7(BETI)0.3	
salt	(x	=	0.7)	refers	to	the	eutectic	mixture	that	enables	the	formation	of	a	hydrate	melt	state	
with	the	 lowest	water	content	(n	=	2.0).	Reproduced	with	permission	from	ref	109.	Copyright	
2016	Springer	Nature.	b)	Raman	spectra	of	pure	water,	Li(TFSI)0.7(BETI)0.3	 ·	2H2O,	9.5	m	LiTFSI,	
and	 1.2	 m	 LiTFSI	 aqueous	 electrolytes,	 where	 the	 bands	 in	 the	 range	 of	 2500–4000	 cm−1	
correspond	to	the	O–H	stretching	modes	of	water	molecules	and	the	bands	in	the	range	of	2900–
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3700	cm−1	(between	the	blue	dashed	lines)	are	assigned	to	the	clusters	of	water	molecules	with	
various	hydrogen-bonding	environments,	and	the	sharp	peak	at	3565	cm−1	(orange	dashed	line)	
is	ascribed	to	the	Li+-solvated	water	molecules	that	are	not	clustered	through	hydrogen	bonding.	
Reproduced	with	permission	from	ref	109.	Copyright	2016	Springer	Nature.		c)	Electrochemical	
stability	window	of	ZnCl2	aqueous	electrolytes	of	different	concentrations	(i.e.,	5m,	10m,	20m,	
and	30m).	Reproduced	with	permission	from	ref	116.	Copyright	2018	Royal	Society	of	Chemistry.	
Raman	 spectra	 of	 d)	 v-SO4

2-	 band,	 e)	 Zn-O	 stretch	 bond,	 and	 f)	 H2O	 stretch	 vibration	 band.	
Reproduced	with	permission	from	ref	120.	Copyright	2020	Wiley-VCH.				

	

4.2.1.2	Electrolyte	Additives:	

Besides	the	salt-concentrated	electrolytes,	other	substances	can	also	be	added	to	electrolytes	to	
modify	 the	 chemical	 environment	 of	 water	 and	 improve	 its	 thermodynamic	 stability.	 The	
additives	could	be	categorized	into	two	types:	1)	non-electrolyte	solutes	that	could	reduce	free	
water	molecules	by	 forming	hydrogen	bonds	with	 them,	2)	 co-solvents	 that	 replace	water	 in	
primary	solvation	shells	 to	coordinate	with	cations,	and	3)	anti-solvents	 that	 replace	water	 in	
primary	solvation	shells	to	promote	the	cation-anion	coordination.		

For	 the	 non-electrolyte	 solutes,	 they	 play	 the	 role	 of	 interrupting	 the	 fully	 “DDAA”	 bonded	
structure	of	free	water	molecules	through	solute-water	chemical	 interactions,	where	a	lack	of	
hydrogen	bonding	strengthens	the	O-H	bonds	of	water,	akin	to	the	function	of	the	concentrated	
salt	in	WiSE.121	Therefore,	it	also	requires	high	concentrations	of	such	solutes	in	electrolytes.	The	
reported	additives	of	this	type	include	sugar122,	and	poly(ethylene	glycol)	(PEG)11;	both	of	them	
contain	rich	hydroxyl	groups	to	bind	with	water	molecules.	For	instance,	sucrose,	a	disaccharide	
of	glucose	plus	fructose,	has	outstanding	solubility	in	water	due	to	its	many	hydroxyl	groups.122	
In	concentrated	sucrose	solution	(66.7	wt.%	sucrose	or	5.84	mol	kg−1),	free	water	is	significantly	
reduced	 in	 the	 unit	 volume	 of	 the	 electrolyte,	 thus	 strengthening	 the	 O-H	 bonds	 in	 water	
molecules.122	The	addition	of	the	sugar	solute	helped	realize	a	high	stability	voltage	of	~	2.8	V	for	
a	dilute	electrolyte	of	2.0	M	NaNO3.	Similarly,	water	molecules	can	also	be	 sequestered	with	
redox-inert	 poly(ethylene	 glycol)	 (PEG),	 forming	 a	 so-called	 molecular-crowding	 electrolyte	
(Figure	15a).11	The	ethereal	oxygen	atom	in	PEG	has	a	higher	negative	charge	density	than	that	
in	water	molecules	due	 to	 the	 inductive	donating	effects	of	alkyl	groups	 in	PEG.	Therefore,	a	
weaker	 H-bond	 forms	 between	 PEG	 and	 water	 molecules	 than	 that	 between	 two	 water	
molecules,	 thereby	 strengthening	 the	 O-H	 bonds	 in	 water	 molecules.	 At	 an	 optimizing	
composition	of	2.0	m	LiTFSI–94	wt.%	PEG–6	wt.%	H2O,	DFT-MD	simulation	shows	that	almost	all	
H2O	molecules	are	surrounded	by	the	PEG	molecules,	which	explains	the	wide	operation	voltage	
of	~3.2	V.	With	this	electrolyte,	the	full	cell	composed	of	Li4Ti5O12	anode	and	LiMn2O4	cathode	
maintains	a	high	energy	density	between	75	Wh	Kg-1	to	110	Wh	Kg-1	for	over	300	cycles	at	1	C.	
Furthermore,	the	novel	electrolytes	also	reduce	the	usage	of	LiTFSI	salt,	which	helps	significantly	
cut	the	cost	compared	to	the	LiTFSI-based	WiSE	electrolytes.		
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Another	 type	of	additives	serves	as	 the	co-solvent	 to	solvate	salts	 in	electrolytes,	where	they	
could	 replace	H2O	molecules	 in	cation’s	primary	solvation	shells	due	 to	 their	higher	Gutmann	
donor	 number	 than	water.123	 Taking	 dimethyl	 sulfoxide	 (DMSO)	 as	 an	 example,	 its	 Gutmann	
donor	number	(29.8)	is	well	above	that	of	water	(18);	thus,	it	would	primarily	coordinate	with	
cations	and	appear	in	the	Helmholtz	double	layer	on	anode	during	the	charging	process	(Figure	
15b).123	 Meanwhile,	 the	 DMSO	 could	 also	 strongly	 interact	 with	 free	 H2O	 molecules	 in	
electrolytes	(Figure	15b),	similar	to	the	role	of	the	PEG	additive	mentioned	above.	Both	effects	
benefit	 the	 thermodynamic	 stability	 of	water.	 Adding	 20	wt.%	DMSO	 into	 dilute	 1.3	m	 ZnCl2	
aqueous	electrolyte	could	widen	the	stability	window	from	-0.76	V-1.24	V	to	-0.8	V-1.44	V	vs.	
SHE	at	a	scan	rate	of	1	mV	s-1	and	significantly	improve	the	cycling	stability	of	Zn	metal	anode.123		

Yet	another	type	of	additives	are	named	as	anti-solvents	because	they	are	miscible	with	water	
solvent	 through	H-bond	 interactions,	while	 salts	 that	 provide	 charge	 carriers	 are	 not	 soluble	
inside.124	For	example,	methanol	was	reported	as	an	anti-solvent	in	dilute	ZnSO4	electrolytes.124	
As	shown	in	Figure	15c,	the	methanol	molecules	majorly	interact	with	free	water	molecules	at	a	
low	volume	ratio,	and	gradually	enter	Zn2+	solvation	shell	at	higher	volume	ratio,	dramatically	
interrupting	the	Zn2+-H2O	interactions.	Furthermore,	the	strengthened	thermodynamic	stability	
of	water	solvent	leads	to	a	high	Coulombic	efficiency	of	Zn	metal	anode	(e.g.,	an	average	of	99.7%	
in	 900	 cycles	 in	 2.0	 M	 ZnSO4	 in	 H2O/methanol	 (1:1,	 V:	 V)).	 Fundamentally,	 the	 anti-solvent	
strategy	 optimizes	 the	 cation	 solvation	 structure	 in	 sacrifice	 of	 the	 salt	 solubility.	 When	
overpassing	 a	 critical	 volume	 ratio	 of	 anti-solvent,	 cations	would	 recombine	with	 the	 paired	
anions	and	the	salt	would	precipitate	through	recrystallization.	
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Figure	15.	a)	MD	simulation	on	ions/water	molecules	coordination	states	in	2	m	LiTFSI-H2O	(left)	
and	2	m	LiTFSI-94%	PEG-6%	H2O	(right).	Reproduced	with	permission	from	ref	11.	Copyright	2020	
Springer	Nature.	b)	Schematic	illustration	of	the	Zn2+	solvation	structure	in	water	solvent	(left)	
and	in	H2O-DMSO	dual	solvents	(right).	Reproduced	with	permission	from	ref	123.	Copyright	2020	
American	Chemical	Society.	c)	Schematic	illustration	of	Zn2+	solvation	structure	transition	with	
the	addition	of	methanol	anti-solvent.	Reproduced	with	permission	from	ref	124.	Copyright	2021	
American	Chemical	Society.			

	

4.2.2	Decoupling	Anolytes	and	Catholytes:	

As	shown	in	Figure	4,	the	thermodynamic	potentials	for	both	HER	and	OER	are	sensitive	to	the	
pH	 of	 the	 electrolytes.	 Specifically,	 an	 acidic	 environment	 favors	 HER	 over	 OER,	 where	 the	
electrolyte	is	more	anodically	stable;	conversely,	a	basic	environment	prefers	OER	to	HER,	where	
the	electrolyte	 is	more	catholically	stable.	Adjusting	the	pH	value	of	a	homogeneous	aqueous	
electrolyte	 cannot	 widen	 its	 electrochemical	 stability	 window;	 however,	 by	 blocking	 the	
neutralization	between	the	basic	anolyte	and	the	acidic	catholyte,	the	electrolyte’s	window	can	
be	enlarged	significantly.125-131	For	instance,	by	using	Li1+x+yAlxTi2xSiyP3yO12	(LATSP),	a	ceramic,	to	
divide	the	acidic	catholyte	(1	M	H2SO4)	from	the	alkaline	anolyte	(2	M	KOH	+	2	M	LiOH)126,	the	
full	 cell	 comprising	 the	Zn	metal	anode	and	the	KMnO4	cathode	could	work	 in	a	high	voltage	
window	 of	 2.8	 V.	 In	 another	 study,	 a	 commercial	 bipolar	 membrane	 separates	 the	 acidic	
catholyte	(0.3	M	H2SO4	+	3	M	MnSO4	+	0.06	M	NiSO4)	and	the	alkaline	anolyte	(3	M	KOH	+	0.3	M	
Zn(OH)42-)	 (Figure	16a).129	The	partitioned	electrolyte	exhibits	a	wide	electrochemical	stability	
window	of	~3.45	V,	which	facilitates	the	stable	plating	of	Zn	metal	and	the	deposition	of	MnO2	
over	anode	and	cathode,	respectively,	at	the	scan	rate	of	5	mV	s-1.	Furthermore,	a	three-chamber	
cell	was	 reported,	where	 the	alkaline	anolyte	 and	acidic	 catholyte	 are	 separated	by	 two	 ion-
selective	membranes	and	a	chamber	filled	with	neutral	electrolyte	(Figure	16b).127,131	Such	an	
design	would	improve	the	cell	performance	compared	to	the	one-membrane	two-chamber	cell	
mentioned	above	by	further	mitigating	the	neutralization	between	H+	and	OH-.	The	full	cell	with	
the	MnO2	cathode	and	the	Zn	metal	anode	could	be	charged	to	a	high	voltage	of	3	V,	where	the	
cell’s	 capacity	 barely	 fades	 after	 116	 deep	 cycles	 in	 contrast	 to	 the	 quick	 failure	 of	 the	
counterparts	with	the	one-membrane	and	two	chambers.				
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Figure	 16.	 Schematic	 illustration	 of	 a)	 one-membrane	 two-chamber	 cell	 (Reproduced	 with	
permission	from	ref	129.	Copyright	2020	Wiley-VCH.),	and	b)	two-membrane	three-chamber	cell	
(Reproduced	with	permission	from	ref	127.	Copyright	2020	Springer	Nature.).		

	

4.3	HER/OER	Suppression	Strategies:	A	Kinetics	Perspective	

From	the	perspective	of	kinetics,	water	electrolysis	suppression	strategies	rely	on	enhancing	the	
overpotentials	of	HER	and	OER	on	anode	and	cathode,	respectively.	As	mentioned	in	Section	4.1,	
there	are	numerous	 factors	 for	overpotentials.	As	 for	 the	electrode’s	properties,	 they	 include	
binding	 energy	with	water	 electrolysis	 intermediates,	 surface	 electrical	 conductivity,	 and	 the	
amount	 of	 exposed	 active	 sites.	 As	 for	 electrolyte	 properties,	 the	 pH	 and	 salt	 concentration	
matter.	Experiment	conditions	are	also	relevant,	 including	cycling	rates,	working	temperature,	
the	SOC,	and	so	forth.	In	particular,	efforts	have	been	devoted	to	reducing	the	amount	of	active	
sites	on	electrode	surfaces	to	realize	the	high-voltage	aqueous	batteries.	

4.3.1	Water	Electrolysis	Anticatalysts:	

The	 ideal	 electrodes	 of	 aqueous	 batteries	 should	 be	 good	 anticatalysts	 of	water	 electrolysis,	
where	 they	 exhibit	 high	 selectivity	 towards	 the	 charge	 storage	 process	 while	 offering	 high	
electrochemical	overpotential	on	the	HER/OER	processes.	In	order	to	achieve	this,	the	material	
should	exhibit	appropriate	binding	energies	with	the	HER/OER	intermediates	or	superior	energy-
storage	reaction	kinetics	so	that	energy-storage	charge	carriers	can	predominantly	occupy	the	
active	sites.	Meanwhile,	compatible	redox	potentials	are	required	for	the	material	to	meet	the	
demand	on	high	output	voltages.	Based	on	their	properties,	we	will	 review	the	reported	HER	
anticatalysts,	including	elemental	metals,	metal	oxides,	carbonaceous	materials,	and	some	other	



36	
	

less	 reported	 types,	 e.g.,	 polymers,	 organics,	 and	 metal	 phosphates,	 and	 OER	 anticatalysts,	
including	metal	oxides,	MOFs,	and	heteroatom-doped	manganese	oxides.		

	

4.3.1.1	Promising	HER	Anticatalysts:	
(1)	Elemental	Metals	
Among	the	elemental	metals,	lead	(Pb),	zinc	(Zn),	and	bismuth	(Bi)	are	suitable	anode	materials	
for	high−voltage	aqueous	batteries	due	to	their	high	overpotentials	towards	HER.	As	shown	in	
Figure	7a,	these	metals	are	situated	at	the	left	foot	side	of	the	volcano	plots,	far	away	from	the	
peak,	which	indicates	their	weak	binding	energies	with	H*	intermediates.		

The	Pb	metal	is	commonly	employed	as	an	anode	in	lead−acid	batteries	and	works	by	forming	
PbSO4	in	the	discharge	reaction,	as	shown	in	Equation	25.17	Its	HER	overpotential		of	~	0.58	V	in	
5	M	H2SO4	(pH=-1)	at	the	scan	rate	of	0.5	mV	s-1	is	large	enough	to	support	the	redox	reaction	
theoretically	occurring	at	around	−0.3	V	vs.	SHE.132	The	cell	comprising	the	Pb	metal	anode	and	
PbO2	cathode	delivers	a	high	voltage	over	2	V	in	the	~5.0	M	H2SO4	electrolyte.	Nevertheless,	the	
reaction	product,	PbSO4	that	exhibits	poor	electrical	and	HSO4

−−ion	conductivity,	nucleates	on	
the	surface	of	the	Pb	anode,	thus	deteriorating	the	reaction	kinetics	for	both	HER	and	energy	
storage	processes	(Figure	17a).17,133	However,	the	PbSO4	ununiform	formation	exacerbates	the	
electrolyte	consumption	and	causes	the	hydrogen	evolution,	thus	hurting	the	cell’s	cyclic	stability	
and	shelf	life.		

𝑃𝑏(𝑠) + 𝑆𝑂i"J(𝑎𝑞) ↔ 𝑃𝑏𝑆𝑂i(𝑠) + 2𝑒J																																																							Equation	25	

The	problem	can	be	resolved	by	adding	a	certain	amount	of	conductive	carbon,	e.g.,	activated	
carbon,	carbon	black,	in	the	electrodes;	the	additives	help	homogenize	the	PbSO4	formation	and	
improve	 the	 reaction	 kinetics	 (Figure	 17b).17,133,134	 Unfortunately,	 the	 carbon	 additives	 could	
trigger	HER	at	a	potential	(i.e.,	−0.427	V	vs.	SHE	for	AC)	higher	than	the	typical	potential	of	Pb	
metal	formation	(−0.617	V	vs.	SHE).135,136	The	strategies	for	enhancing	the	HER	overpotential	over	
the	carbon	materials	will	be	discussed	in	the	next	section.	

The	 Zn	metal	 anode	 receives	much	 attention	 in	 recent	 years	 owing	 to	 its	 low	 cost	 and	 high	
theoretical	capacity	 (~820	mAh	g−1).	Furthermore,	Zn	metal	exhibits	a	high	HER	overpotential	
(over	0.37	V	in	the	1	M	ZnSO4	electrolyte	(pH=7)	at	the	scan	rate	of	1	mV	s-1)	that	allows	it	to	
plate/strip	at	a	low	redox	potential	(−0.76	V	vs.	SHE)	without	vehement	HER.137-139	Cells	based	on	
the	Zn	metal	anode	are	often	reported	to	reach	the	cutoff	voltage	over	1.8	V.	For	instance,	the	
Zn	metal	anode	is	coupled	with	zinc	hexacyanoferrate	(ZnHCF)	cathode	to	present	a	high	voltage	
of	1.85	V	in	the	1.0	M	ZnSO4	aqueous	electrolyte.139		

Of	 note,	 the	 Zn	 metal	 anode	 operates	 with	 vastly	 different	 mechanisms	 under	 alkaline	 and	
acidic/neutral	 conditions,	 revealed	 by	 the	 Pourbaix	 diagram	 (Figure	 17c).140	 Under	 alkaline	
conditions,	soluble	[Zn(OH)4]2−	is	firstly	formed	in	the	discharging	process	and	then	decomposes	
into	ZnO	with	poor	electrical	conductivity	(Equation	26,	27).139	In	the	acidic/neutral	electrolytes,	
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Zn	metal	strips	into	hydrated	Zn2+	during	discharge	according	to	Equation	28.141,142	Under	alkaline	
conditions,	 it	 is	the	redox	couple	of	[Zn(OH)4]2−/Zn	that	dictates	the	redox	potential	of	the	Zn	
metal	anode,	which	is	at	-1.20	V	vs.	SHE.	Thus,	despite	the	much	lowered	HER	potential	at	pH	14,	
i.e.,	-0.826	V,	the	corrosion	of	the	Zn	metal	anode	can	still	take	place.		

Similar	to	the	Pb	metal	anode	in	lead-acid	batteries,	the	surface	of	Zn	metal	is	also	passivated	by	
the	 reaction	product	 of	 ZnO,	 thus	 leading	 to	 the	 large	 reaction	polarization	 and	 the	 reduced	
capacity.	 In	 addition,	 like	 many	 other	 metal	 anodes	 in	 the	 battery	 field	 such	 as	 lithium143,	
sodium144,	magnesium145,	 and	 aluminum146,	 the	 plating	 of	 Zn	metal	 at	 rates	 that	 lead	 to	 the	
depletion	zone	near	the	surface	according	to	the	Sand’s	 law	can	cause	the	formation	of	fluffy	
plated	phases.146-149	This	leads	to	the	emergence	of	high-surface-area	surface	morphologies	such	
as	 dendrites	 or	whiskers	 or	 thin	 flakes.150-153	Such	 nanostructured	 surface	morphologies	with	
large	surface	areas	would	promote	the	HER	by	decreasing	the	concentration	polarization	of	the	
HER	 process.	 The	 surface	 structures	 can	 fall	 off	 the	 surface	 of	 the	 electrode,	 thus	 losing	 the	
electrical	contacts	with	the	current	collectors	and	becoming	the	dead	mass.		

𝑍𝑛(𝑠) + 4𝑂𝐻J(𝑎𝑞) ↔ 𝑍𝑛 𝑂𝐻 i
"J(𝑎𝑞) + 2𝑒J																																																	Equation	26	

𝑍𝑛 𝑂𝐻 i
"J 𝑎𝑞 ↔ 𝑍𝑛𝑂(𝑠) + 2𝑂𝐻J(𝑎𝑞) + 𝐻"𝑂(𝑙)																																															Equation	27	

𝑍𝑛(𝑠) ↔ 𝑍𝑛"H(𝑎𝑞) + 2𝑒J																																																																Equation	28	

Bi	metal	inhibits	HER	due	to	its	weak	binding	energy	with	H*	intermediates.	In	the	6.0	M	KOH	
electrolytes,	it	can	be	deep−charged	to	−1.155	V	vs.	SHE	at	the	scan	rate	of	5	mV	s−1,	thus	enabling	
the	redox	reaction	at	~−0.655	V	vs.	theoretical	HER	potential	at	this	pH	value137,154	Furthermore,	
Bi	can	be	coated	over	other	materials’	surface	to	enhance	their	inertness	towards	HER.	Bi2S3,	as	
an	electrode	additive,	undergoes	a	reduction	reaction	during	the	charging	process;	the	produced	
Bi	metal	is	deposited	onto	the	anode	surface,	thus	elevating	the	HER	overpotential	and	extending	
the	lower	operation	window	to	−1.15	V	vs.	SHE	at	a	rate	of	100	mA	g-1.155,156	

Of	note,	one	unique	feature	of	some	metal	anodes	is	that	the	HER	can	occur	during	the	corrosion	
reactions	of	these	metals	in	aqueous	electrolytes,	owing	to	their	stripping	potential	lower	than	
that	of	HER.157	In	batteries	based	on	the	Zn	anode,	corrosion	is	a	severe	issue	since	the	reaction	
is	spontaneous	no	matter	the	SOC	of	the	cells.	The	corrosion	reactions	constantly	consume	the	
active	mass	and	electrolytes	(Figure	17d,	e).117,157-159		

In	the	corrosion	reactions,	the	anodic	half-reaction	is	the	metal	dissolution,	and	the	cathodic	half-
reaction	 is	 the	 reduction	 of	 protons/water	 molecules	 to	 form	 hydrogen	 gas	 molecules.157	
Specifically,	the	HER	would	proceed	in	two	steps	via	the	Volmer−Heyrovsky	mechanism,	where	
the	 protons	 and	 water	 molecule	 are	 the	 sources	 of	 hydrogen	 in	 acid	 and	 neutral/alkaline	
solutions,	respectively,	and	they	would	receive	electrons	from	the	anodic	half-reaction	to	form	
the	H*	intermediate	and	H2,	consecutively	(Figure	17d).157		

It	should	be	noted	that	the	water	molecules	involved	in	the	corrosion	reaction	can	be	not	only	
the	free	ones	but	those	in	the	solvation	sheaths	of	cations	and	anions.118,160	Furthermore,	in	mild	
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acid/neutral/alkaline	 environments,	 the	 chemical	 corrosion	 of	 metals	 can	 produce	 some	
electrochemical-inert	by-products.118,161,162	For	instance,	the	Zn	metal	anode	experiences	severe	
corrosion	after	ten	days	of	immersion	in	3.0	M	ZnSO4	solution,	and	its	surface	is	covered	by	loose	
sheet-like	 Zn4(OH)6SO4×5H2O	 side	 product	 (Figure	 17f).161	 The	 continuous	 corrosion	 causes	
piecemeal	loss	of	the	Zn	metal	anode	(Figure	17g).161,163	

The	corrosion	problem	due	to	HER	could	be	addressed	from	both	the	anodic	half-reaction	and	
the	cathodic	half-reaction	perspectives.	As	for	the	anodic	half-reaction,	it	is	promising	to	increase	
the	oxidation	potentials	of	metals,	which	reduces	the	overall	electromotive	force	(voltage)	of	the	
corrosion	reaction,	thus	suppressing	the	hydrogen	evolution.	Alloying	is	a	common	strategy	to	
increase	corrosion	potentials.	For	instance,	a	Cu/Zn	composite	anode	was	fabricated	by	in	situ	
growing	a	thin	layer	of	Cu	metal	on	the	Zn	metal	surface.161	During	the	electrochemical	cycling,	
the	deposited	Zn	metal	alloys	with	the	Cu	metal	to	form	the	intermetallic	phases	of	Cu5Zn8	and	
Cu1Zn1.	The	polarization	test	reveals	that	the	Cu-Zn	alloy	anode	exhibits	slightly	higher	corrosion	
potential	(Ecorr,	–0.966	V	vs.	SCE)	and	a	much	lower	corrosion	current	(Icorr,	7.94	μA	cm–2)	than	
that	of	pristine	Zn	metal	anode	(–0.976	V	vs.	SCE,	37.15	μA	cm–2)	in	the	3.0	M	ZnSO4	electrolyte	
(Figure	 17h).	 Furthermore,	 the	 Cu–Zn	 alloy	 anode	 maintains	 the	 smooth	 surface	 with	 no	
corrosion	by-products	after	soaking	in	3.0	M	ZnSO4	electrolytes	for	30	days.	However,	the	above	
strategy	suffers	from	the	disadvantage	that	the	reversible	capacity	depends	on	the	amount	of	Cu	
metal	in	the	electrode.		

Similarly,	 a	 thin	 layer	 of	 indium	 metal	 is	 introduced	 on	 the	 Zn	 metal	 surface	 to	 inhibit	 the	
corrosion;	the	protection	effect	is,	unfortunately,	temporary	since	the	Zn	prefers	to	deposit	on	
the	top	of	the	coating	surface,	and	the	corrosion	still	exists	when	Zn	deposits	are	exposed	to	the	
electrolytes.163		

The	problem	can	be	solved	by	applying	some	materials	with	low	electrical	conductivity	but	high	
ionic	conductivity	as	a	coating	on	the	Zn	metal	anode	such	as	metal	oxides	(Al2O3

164,	TiO2
165,	and	

ZnO166)	or	MOFs	(ZIF-7120	and	HKUST-1167).	Therein,	the	Zn2+	would	transfer	through	the	coating	
and	deposit	beneath	it	so	that	the	protective	effect	can	last	for	long	time.	Besides,	the	artificial	
SEI	 layer	 can	 also	 play	 the	 role	 of	 a	 physical	 barrier	 between	 the	 electrode	 and	 electrolytes;	
meanwhile,	 its	 electronic	 insulating	 nature	 may	 eradicate	 the	 electrochemical	 corrosion	
problem.168-170	Related	works	will	be	introduced	in	Section	4.2.2.3.	

The	corrosion	resistance	of	the	Zn	metal	is	closely	correlated	to	the	crystalline	planes	exposed	to	
the	electrolyte.	Generally,	the	(002)	crystal	plane	of	Zn	exhibits	better	corrosion	resistance	than	
the	preferential	orientations	of	(101),	 (103).171,172	An	explanation	 is	that	the	(002)	 is	the	most	
closely	packed	plane	in	the	hexagonal	close-packed	(hcp)	lattice;	it	is	more	resistant	to	corrosion	
since	the	atoms	have	a	higher	binding	energy.171,173		

To	obtain	the	crystal	plane	along	the	[002]	orientation,	several	strategies	have	been	explored	to	
date.	One	strategy	is	to	introduce	additives	in	electrolytes	that	serve	as	capping	agents	to	control	
the	growth	direction,	with	the	examples	of	boric	acids174	and	polyethylene	glycol	(PEG)175.	The	
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second	strategy	to	deposit	Zn	epitaxially	on	the	substrate.	It	was	reported	that	the	basal	plane	of	
graphene	matches	that	of	the	(002)	plane	of	Zn	metal;	thus,	the	substrate	with	the	basal	plane	
of	well-dispersed	graphene	layer	parallel	to	the	electrode	surface	guides	the	Zn	deposition	along	
the	[002)	direction.173	It	should	be	mentioned	that	Zn	that	preferentially	grows	in	(002)	planes	
resist	 the	 dendrite	 formation,	which	 further	 promotes	 the	 cycling	 efficiency	 of	 the	 Zn	metal	
anode	(Figure	17i).	

Regarding	the	cathodic	half-reaction	of	the	corrosion	reaction,	 it	 is	reasonable	to	hypothesize	
that	the	adsorption	energy	of	H*	intermediates	on	metal	anodes	is	a	critical	factor	influencing	
the	 hydrogen	 evolution	 rates,	 owing	 to	 the	 similar	 mechanisms	 between	 corrosion	 and	
electroreduction	of	water.	Therefore,	the	corrosion	could	be	suppressed	by	enhancing	the	HER	
overpotential	 of	 the	 electrode;	 a	 facile	 strategy	 is	 to	 introduce	 HER-inert	 additives	 onto	 the	
electrode.	For	instance,	Hg,	Pb,	Bi,	and	their	oxides	have	been	widely	used	to	inhibit	Zn	metal	
corrosion.176-178	Recently,	less	toxic	substances	such	as	Zn-Al-In-layered	double	hydroxides179	and	
Zn-Ni-In	alloys	have	been	employed.180,181	

	

	

Figure	17.	Schematic	illustration	of	a)	irreversible	reaction	occurred	over	Pb	metal	anode	and	b)	
the	 improvement	 through	 adding	 carbon	within	 the	 electrodes.	 Reproduced	with	 permission	
from	 ref	 133.	 Copyright	 2015	 Elsevier.	 c)	 Pourbaix	 diagram	 of	 Zn	 metal.	 Reproduced	 with	
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permission	from	ref	140.	Copyright	1997	Elsevier.	d)	Schematic	illustrating	the	electrochemical	
corrosion	 process	 on	 metal	 anodes.	 e)	 In	 situ	 optical	 microscopic	 observation	 of	 hydrogen	
evolution	on	Zn	metal	anode	in	0.5	M	LiTFSI	+	0.5	M	Zn(TFSI)2	aqueous	electrolytes.	Reproduced	
with	permission	from	ref	117.	Copyright	2019	Elsevier.	f)	Schematic	illustration	of	the	corrosion	
accompanied	by	the	formation	of	electrochemical-inert	by-products	on	Zn	metal	anode	in	3.0	M	
ZnSO4	aqueous	electrolytes.	Reproduced	with	permission	from	ref	161.	Copyright	2020	Elsevier.	
g)	SEM	image	of	corroded	Zn	metal	anode	after	immersion	in	3.0	M	ZnSO4	solution	for	30	days;	
inset	 is	the	optical	 image	of	the	sample.	Reproduced	with	permission	from	ref	161.	Copyright	
2020	Elsevier.	h)	EIS	results	of	the	Zn||Zn	symmetrical	cells	with	3.0	M	ZnSO4	electrolyte	after	
resting	for	0	days	(pristine	Zn),	10	days	(Zn-10d),	20	days	(Zn-20d),	30	days	(Zn-30d).	Reproduced	
with	permission	from	ref	161.	Copyright	2020	Elsevier.	i)	SEM	image	of	Zn	deposits	on	graphene-
coated	 stainless	 steel;	 inset	 is	 the	 schematic	 illustration	 of	 the	 epitaxial	 deposition	 pattern.	
Reproduced	with	permission	from	ref	173.	Copyright	2019	AAAS.	

	

(2)	Metal	Oxides	

Metal	oxides	 represent	another	essential	group	of	anodes	 in	high−voltage	aqueous	batteries.	
Their	high	overpotentials	towards	HER	originate	from	several	characteristics.	Firstly,	they	have	
appropriate	binding	energies	with	the	H*	 intermediate.	Besides,	 they	commonly	work	via	the	
pseudocapacitive	mechanism,	which	bestows	them	excellent	reaction	kinetics	of	charge	storage;	
furthermore,	the	predominant	occupation	of	the	active	sites	on	the	electrode	surface	by	energy-
storage	 charge	 carriers	 would	 effectively	 increase	 the	 HER	 polarization.	 Of	 note,	 the	 water	
reduction	of	metal	oxides	closely	correlates	to	their	properties,	 including	the	transition	metal	
valence	 states,	 crystallinity,	 and	 defects.	 Herein,	 we	 summarize	 the	materials	 with	 high	 HER	
overpotentials	and	discuss	the	impacts	of	the	controlling	factors	on	their	performance.	

Taking	TiO2	as	an	example,	 it	exhibits	a	weak	bonding	strength	towards	 the	H*	 intermediate,	
indicating	its	inhibition	nature	on	H*	absorption.150	This	offers	TiO2	the	high	HER	overpotential,	
thus	allowing	its	reversible	storage/release	of	cations	at	deep	potentials	in	aqueous	systems.	In	
the	acidic	electrolyte	of	1.0	M	AlCl3	(pH»3),	hydrogen	evolution	does	not	take	place	on	TiO2	until	
−1.2	V	vs.	SHE	at	the	scan	rate	of	20	mV	s-1,	corresponding	to	a	high	HER	overpotential	of	~1.02	
V.182,183	Consequently,	most	likely,	the	proton	storage/release,	albeit	the	authors	assigned	that	
to	Al3+	storage/release,	can	stably	proceed	at	−0.8	V	vs.	SHE	via	the	Ti4+/Ti3+	redox	reactions.182	
In	the	LiOH−based	alkaline	electrolytes,	Li+	ions	can	be	reversibly	accommodated	in	anatase−type	
TiO2	anode	at	a	low	potential	of	−1.22	V	vs.	SHE	and	a	scan	rate	of	10	mV	s-1,	indicating	an	HER	
overpotential	of	380	mV.184-186	Besides,	TiO2	also	exhibits	superior	performance	in	mild/neutral	
electrolytes,	e.g.,	1.0	M	Na2SO4,	where	HER	does	not	occur	above	−1.2	V	vs.	SHE.187		

Similar	to	Bi	metal,	TiO2	has	also	been	applied	as	a	HER-inhibition	coating.188,189	For	instance,	a	
Fe3O4@TiO2	 composite	 electrode	 is	 synthesized	 through	 atomic	 layer	 depositing	 of	 TiO2	 over	
Fe3O4	nanorod	arrays,	thus	enabling	a	low	potential	of	−1.0	V	vs.	SHE	for	1.0	M	Li2SO4	electrolyte	
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at	a	scan	rate	of	50	mV	s-1.	Of	note,	structural	defects,	e.g.,	oxygen	vacancies,	may	promote	HER	
on	TiO2.187,190	First,	the	 incorporation	of	oxygen	vacancies	by	Ti3+	reduces	the	bandgap,	which	
increases	the	electrical	conductivity	and	benefits	the	reaction	kinetics	of	both	the	HER	and	energy	
storage	 processes.	 Second,	 the	 oxygen	 vacancies	may	 bind	 the	H*	 intermediate	 better,	 thus	
enhancing	the	HER	activity	over	TiO2.		

Similarly,	the	performance	of	VO2	also	strongly	depends	on	the	valence	states	of	V	element.191	
When	the	material	contains	both	V4+	and	V5+,	the	primary	charge	storage	reactions	involve	the	
transitions	of	V5+®V4+	and	V4+®V3+,	and	the	HER	begins	at	around	−0.4	V	vs.	SHE	in	the	1.0	M	
Na2SO4	aqueous	electrolyte	at	a	 scan	rate	of	50	mV	s-1.	Alternatively,	when	the	VO2	samples	
contain	V4+and	V3+,	the	reactions	are	V4+®V3+	and	V3+®V2+,	and	the	H2	evolution	potential	drops	
to	<	−0.8	V	vs.	SHE	under	 the	same	conditions.	The	phenomenon	relates	 to	 the	predominant	
occupation	of	active	sites	by	charge	storage	charges	at	the	lower	potential.34,191	In	particular,	the	
new	redox	pair	of	V3+®V2+	elevates	the	working	voltage	of	the	full	cell	to	2.2	V.191	

In	 the	 case	of	 surface-hydroxylated	Mn5O8	 (Mn2+2Mn4+3O8)	 (Figure	18a),	 it	 can	 realize	a	deep	
operation	potential	at	−1.09	V	vs.	SHE	with	the	HER	overpotential	of	0.64	V	in	the	1.0	M	Na2SO4	
electrolyte	at	rates	from	1	mV	s-1	to	1000	mV	s-1	(Figure	18b).12	This	material	shows	superior	
cyclic	stability	at	high	cycling	rates	(e.g.,	5	A	g−1)	but	undergoes	rapid	capacity	decay	at	 lower	
cycling	rates	(0.5	A	g−1	and	1	A	g−1).	It	seems	that	a	high-rate	charge	storage	reaction	increases	
the	concentration	overpotential	of	HER,	kinetically	suppressing	or	masking	it.	The	poor	low-rate-
behavior	may	be	an	inherent	challenge	since	Mn3+	is	known	for	a	high	HER	activity.	Furthermore,	
the	DFT	 calculation	was	 conducted	 for	 the	 surfaces	of	hydroxylated	Mn5O8,	pure	Mn5O8,	and	
Mn3O4.	The	hydroxylated	Mn5O8	with	a	weak	H*	binding	energy	of	1.41	eV	can	better	 inhibit	
water	dissociation	than	pure	Mn5O8	(0.45	eV)	and	Mn3O4	(0	eV)	(Figure	18c).	According	to	the	
Arrhenius	equation,	it	is	expected	that	the	hydroxylated	Mn5O8	has	a	water	dissociation	rate	17-
orders	 of	 magnitude	 lower	 than	 that	 of	 Mn3O4	 at	 room	 temperature.	 Besides,	 the	 rate-
dependence	 behavior	 also	 relates	 to	 the	 kinetics	 of	 the	 energy	 storage	 process.	 The	 faster	
reaction	kinetics	favors	the	occupation	of	active	sites	on	the	anode	surface,	thus	increasing	the	
overpotential	of	the	HER	process.	

Besides,	 the	 impacts	 of	 crystallinity	 of	 the	 birnessite-type	MnO2	 on	 its	 HER	 activity	was	 also	
studied.192	The	disordered	Na0.27MnO2	birnessite	was	synthesized	through	a	solid-state	reaction	
between	NaOH	and	Mn3O4;	the	ordered	Na0.19MnO2	birnessite	was	synthesized	via	the	thermal	
decomposition	of	NaMnO4	at	800 °C.	CV	curves	reveal	the	strong	HER	passivation	effect	on	the	
disordered	 Na0.27MnO2	 birnessite	 compared	 to	 the	 ordered	 Na0.19MnO2	birnessite	 and	 the	
commercial	b-MnO2.	The	disordered	Na0.27MnO2	birnessite	can	be	reduced	to	a	deep	potential	
of	-1.05	V	vs.	SHE	in	the	0.1	M	Na2SO4	electrolyte	at	a	scan	rate	of	5	mV	s-1.	This	fact	might	be	
correlated	to	the	predominantly	exposed	(001)	planes	in	the	disordered	Na0.27MnO2	birnessite,	
which	is	both	thermodynamically	stable	and	HER	inert.	
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Figure	18.	a)	Schematic	of	the	crystal	structure	of	Mn5O8.	b)	CV	curves	of	Mn5O8	electrode	at	
various	scan	rates	from	1	mV	s-1	to	1000	mV	s-1,	simultaneously	exhibiting	large	overpotential	
towards	 HER/OER.	 c)	 Activation	 energies	 of	 forming	 the	 HER	 intermediates	 for	 hydroxylated	
Mn5O8	 (Mn5O8-OH),	Mn5O8,	 and	Mn3O4.	 d)	 Capacitive	 contribution	 to	 the	 overall	 capacity	 at	
various	 scan	 rates	 from	5	mV	 s-1	 to	 1000	mV	 s-1	of	Mn5O8	 and	Mn3O4	nanoparticles	 and	bulk	
materials.	Reproduced	with	permission	from	ref	12.	Copyright	2016	Springer	Nature.	

	

(3)	Carbonaceous	Materials	

In	 aqueous	 electrolytes,	 carbonaceous	 materials	 are	 often	 employed	 as	 electrodes	 in	
electrochemical	 capacitors,	 storing	 charges	 through	 the	 surface	electrical	double	 layer	effect.	
They	exhibit	high	electrical	conductivity,	fast	reaction	kinetics,	high	chemical	stability,	and	low	
cost.	Furthermore,	some	carbon	materials	possess	high	HER	overpotentials,	which	renders	them	
suitable	 anodes	 for	 aqueous	 batteries.193	 Besides,	 they	 are	 also	 employed	 as	 HER-inhibition	
coating	 over	 other	 materials.194-196	 For	 example,	 graphitic	 carbon	 presents	 superior	 HER	
resistance	because	the	nonpolar	structure	of	the	sp2	carbon	planes	exhibit	weak	ion-dipole	force	
to	adsorb	H+	 from	the	electrolytes.57,197	Nevertheless,	carbonaceous	materials,	particularly	on	
edge	sites,	are	rich	in	defects,	e.g.,	vacancies,	doped	heteroatoms	(N	or	O),	and	functional	groups.	
They	 may	 serve	 as	 the	 active	 sites	 to	 catalyze	 water	 electrolysis,	 thus	 hurting	 cell’s	
electrochemical	performance	and	calendar	life.198,199		
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In	 order	 to	 inhibit	 HER	 on	 the	 carbonaceous	materials,	 the	 primary	 strategy	 is	 to	 introduce	
heteroatom	doping	or	functional	groups,	which	alters	the	electronic	structure	of	the	adjacent	
carbon	 atoms.58	 Particularly,	 nitrogen	 doping,	 e.g.,	 pyrrolic	 N,	 is	 reported	 effective.200	 It	was	
experimentally	confirmed	that	the	pyrrolic	N−doped	activated	carbon	(NAC)	electrode	exhibits	a	
lower	 onset	 potential	 for	 hydrogen	 evolution	 (−0.61	 V	 vs.	 SHE)	 than	 that	 of	 the	 pristine	 AC	
electrode	(−0.43	V	vs.	SHE)	at	the	scan	rate	of	1	mV	s−1	in	the	5.0	M	H2SO4	aqueous	electrolyte.201	
The	enhancement	relates	to	two	factors:	(1)	the	carbon	atoms	adjacent	to	the	pyrrolic	N	dopants	
form	weaker	 bonds	with	 the	H*	 intermediate	 due	 to	 their	 electron	 deficiency,201	 and	 (2)	 the	
pyrrolic	N	dopants	exhibit	high	bonding	strength	with	the	H*	intermediate,	which	increases	the	
energy	barrier	for	the	H2	release.202	 In	addition,	the	P−doped	AC	(P−AC)	also	shows	enhanced	
HER	suppression	capability	over	the	pristine	AC.	DFT	calculation	results	indicate	that	the	P-doping	
increases	the	adsorption	energy	of	H+	over	the	host,	thus	resulting	in	the	HER	inhibition	in	P-AC	
(Figure	19a).203		

Regarding	 the	 functional	 groups,	 oxygen−based	 ones	 are	 reported.	 For	 instance,	 oxygenated	
functionalities	 (carboxylic,	 quinone,	 phenolic,	 and	 ether)	 were	 introduced	 into	 AC	 through	
immersing	it	in	20	wt.%	H2O2	solutions,	thus	negatively	shifting	the	HER	potentials	to	−0.59	V	vs.	
SHE	at	2	mV	s-1	in	CV	tests.204	It	is	worth	noting	that	the	introduced	oxygenated	functionalities	
also	 contribute	 additional	 capacity	 through	 pseudo-Faradaic	 redox	 reactions	 in	 the	 aqueous	
electrolytes.204	Carbon	fibers	(CF)	was	synthesized	with	rich	oxygenated	functionalities	by	heating	
carbon−fiber−reinforced	 polymers	 in	 air.205	 The	 material	 exhibits	 a	 high	 HER	 inertness,	 thus	
expanding	the	HER	onset	potential	to	−1.16	V	vs.	SHE	in	the	1.0	M	Na2SO4	electrolyte,	measured	
at	 50	mV	 s-1	 in	 CV	 tests,	 and	 the	 symmetrical	 supercapacitors	 based	 on	 the	material	 can	 be	
charged	to	a	high	working	voltage	of	2.4	V.	Note	that	the	scan	rate	of	50	mV	s-1	seems	too	high	
to	measure	the	onset	potential	of	HER	and	OER.		

Doping	the	carbonaceous	materials	with	alkaline	metal	ions	has	been	demonstrated	as	another	
effective	method	to	ameliorate	the	side	effects	brought	by	the	defects.	Electroreduction	is	the	
primary	method	 to	dope	alkaline−metal	 ions	 into	 carbonaceous	hosts.206-209	 In	one	work,	 the	
carbonaceous	materials	were	cycled	in	the	1.0	M	Na2SO4	solution	for	100	CV	cycles	at	the	scan	
rate	of	25	mV	s−1	within	the	potential	range	of	−1.255	–	0.245	V	(vs.	SHE).	Consequently,	Na+	ions	
are	adsorbed	over	the	defect	sites	which	may	be	vacancies	or	consist	of	O-adatoms	(i.e.,	C=O210,	
O−H,	 C−O−C211)	 (Figure	 19b,	 c),	 which	 can	 be	 validated	 by	 the	 XPS	 measurements	 and	 DFT	
calculations.206	Due	to	the	defect	binding	and	the	Na+	electrostatic	shielding	effect,	the	treated	
carbonaceous	 hosts	 present	 a	much	 reduced	 HER	 activity	 relative	 to	 that	 of	 pristine	 porous	
carbon	(PC),	defect−free	graphene	layer,	and	heteroatom−rich	AC	(Figure	19d).206	Furthermore,	
when	 this	 treated	 carbon	 anode	was	 coupled	with	 OER−inert	 cathode	materials	 such	 as	 the	
Na0.25MnO2,	the	cell	exhibited	a	wide	operation	window	of	2.7	V	demonstrated	at	rates	of	1	to	
25	mV	s-1	in	CV	and	2	A	g-1	in	galvanostatic	charge-discharge	(GCD)	tests.206,212	Considering	the	
clean/facile	 synthesis	 procedure,	 this	 work	 presents	 a	 promising	 route	 to	 design	 anodes	 in	
high−voltage	aqueous	batteries.	It	is	worthwhile	to	emphasize	that	the	adsorption	of	Na+	has	to	
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be	at	least	partially	irreversible.	It	would	negate	the	purposes	if	these	adsorbed	Na+	are	released	
to	the	full	cells	to	be	assembled,	which	might	revamp	the	defect	sites	of	the	carbon	anode.		

	

	

Figure	19.	a)	Optimized	geometric	structures	and	adsorption	energies	of	H+	at	different	sites	on	
AC	(left)	and	P-AC	(right).	Reproduced	with	permission	from	ref	203.	Copyright	2017	Royal	Society	
of	Chemistry.	b)	Schematic	illustration	of	the	electroreduction	method	to	synthesize	Na--doped	
carbon	 cloth	 (Na-CC)	 materials.	 Reproduced	 with	 permission	 from	 ref	 207.	 Copyright	 2019	
Elsevier.	c)	Simulation	of	adsorption	of	Na-ions	on	the	prepared	porous	carbon	(side	view	of	Na+	
adsorbed	 on	 C	 defect	 sites	 (left)	 and	 O	 defect	 sites	 (right)	 of	 graphite).	 Reproduced	 with	
permission	from	ref	206.	Copyright	2018	Wiley-VCH.	d)	Linear	sweep	voltammetry	(LSV)	curves	
for	 the	 electrochemically	 reduced	 porous	 carbon	 (ERPC),	 PC,	 graphene	 and	 activated	 carbon	
electrodes	 separately	 in	 the	 1.0	 M	 Na2SO4	 aqueous	 electrolyte	 at	 a	 scan	 rate	 of	 1	 mV	 s-1.	
Reproduced	with	permission	from	ref	206.	Copyright	2018	Wiley-VCH.	

		

(4)	Other	Materials	

Some	 polymers,	 organics,	 and	 metal	 phosphates	 that	 possess	 high	 HER	 overpotentials	 are	
reported	 as	 anodes	 in	 aqueous	 batteries.	 Herein,	 these	 types	 of	 materials	 and	 the	 factors	
affecting	their	HER	activities	will	be	discussed.			

Polyimides	 (PIs)	 and	 their	 derivatives	 are	 widely	 applied	 as	 anodes	 in	 metal−ion	 aqueous	
batteries.213-217	Their	HER	activities	can	be	tuned	through	changing	the	molecular	structures.	DFT	
calculations	 were	 conducted	 on	 two	 types	 of	 them:	 poly(naphthalene	 four	 formyl	
ethylenediamine)	(PNFE)	and	poly(benzene	four	formyl	ethylenediamine)	(PBFE).216	The	results	
revealed	 insights:	 (1)	 the	most	active	 sites	 for	H*	adsorption	 in	 the	PI’s	 structure	are	oxygen	
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atoms,	 (2)	 PNFE	 is	more	 inert	 towards	HER	 due	 to	 the	 larger	 energy	 barrier	 to	 form	 the	H*	
intermediate	(2.11	eV)	than	the	PBFE	counterpart	(1.94	eV),	and	(3)	over	half	of	the	HER	active	
sites	are	preoccupied	by	alkaline	ions	(e.g.,	Li+	and	Na+)	during	the	charging	process,	resulting	in	
sluggish	kinetics	of	the	HER	process	(Figure	20).	Consequently,	the	composite	anode	(PNFE/CNT)	
delays	H2	evolution	until	a	low	potential	of	−1.23	V	vs.	SHE	in	the	0.5	M	Li2SO4	electrolyte	at	the	
rate	of	5	mV	s−1.	The	full	cell	composed	of	the	PNFE/CNT	anode	and	the	LiMn2O4	cathode	delivers	
a	high	voltage	of	2	V.	Besides,	poly[N,Nʹ−(ethane−1,2−diyl)−1,4,5,8−naphthale	netetracarboxii	
mide]	 (PNDIE)	was	reported	with	a	deep	HER	potential	 (−0.7	V	vs.	SHE)	at	1	mV	s-1	 	 in	2.5	M	
Ca(NO3)2.218		

In	 addition,	 some	 organics	 such	 as	 3,4,9,10−Perylenetetracarboxylic	 diimide	 (PTCDI)189	 are	
potentially	 good	 anodes	 for	 high−voltage	 aqueous	 batteries.	 It	 was	 reported	 that	 PTCDI	 can	
reversibly	 store	NH4

+	 from	the	1.0	M	 (NH4)2SO4	 (pH=6)	electrolyte	via	a	process	of	 two−step-
carbonyl	enolation.189,219	Of	note,	the	anode	can	be	charged	to	a	deep	potential	of	−0.85	V	vs.	
SHE	without	noticeable	H2	evolution,	measured	by	CV	at	0.5	mV	s-1,	demonstrating	a	high	HER	
overpotential	of	at	least	0.55	V.		

Polyanion	compounds	such	as	TiP2O7
220,	NASICON−type	LiTi2(PO4)3	(LTP)220,	and	NASICON−type		

NaTi2(PO4)3	(NTP)221-223	represent	another	group	of	materials	displaying	both	high	overpotential	
towards	HER	and	suitable	working	potentials.	TiP2O7	 inhibits	the	hydrogen	evolution	until	 the	
potential	of	−0.6	V	vs.	SHE	in	the	5.0	M	LiNO3	electrolytes	at	the	scan	rate	of	0.2	mV	s−1,	deeper	
than	its	redox	potential	at	−0.38	V	vs.	SHE.220	The	LTP	electrode	presents	an	HER	onset	potential	
at	−0.7	V	vs.	SHE,	while	the	Li+	intercalation	proceeds	at	~−0.52	V	vs.	SHE	in	the	same	conditions.	
The	NTP	anode	holds	back	HER	until	a	potential	lower	than	−1	V	vs.	SHE	in	both	the	2.0	M	NaOH	
and	 the	 4.0	M	NaOH	 electrolyte	 at	 the	 scan	 rate	 of	 0.5	mV	 s-1,	 below	 the	Na+	 intercalation	
potential	around	−0.9	V.222	The	high	OER	resistance	of	the	materials	may	relate	to	the	Ti4+	inside,	
which	 may	 exhibit	 suitable	 binding	 energy	 with	 the	 OER	 intermediates	 due	 to	 their	 band	
structures.		

	

	

Figure	20.	Schematic	illustration	of	the	HER	passivation	from	reducing	the	number	of	active	sites	
via	Li+	adsorption.	Reproduced	with	permission	from	ref	216.	Copyright	2016	Wiley-VCH.	
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4.3.1.2	Promising	OER	Anticatalysts:	

Cathode	 of	 aqueous	 batteries	 should	 exhibit	 befitting	 binding	 energies	 with	 the	 OER	
intermediates	 (HO*,	 O*,	 OOH*)	 that	 are	 unfavorable	 to	 OER;	 or	 cathode	 exhibits	 superior	
reaction	kinetics	 to	achieve	 the	high	selectivity	of	charge	carriers	over	OER	 intermediates.	To	
date,	materials	that	have	been	identified	to	meet	these	requirements	include	metal	oxides	such	
as	heteroatom-doped	manganese	oxides	and	MOFs.	Descriptors	of	these	materials,	e.g.,	valence	
states,	 defects,	 crystallinity,	 and	 crystal	 structures,	 have	 impacts	 on	 the	 OER-inhibition	
performance.	Herein,	these	materials	and	their	associated	descriptors	will	be	discussed.	

(1)	Metal	Oxides	

According	to	the	volcano	plots	(Figure	10c),	some	metal	oxides	(e.g.,	SnO2
221,224,	TiO2

225,	NbO2
226,	

MnO2
227,	Ta2O5

228,	PbO2
229,	and	SiO2

230)	present	either	too	high	or	too	low	binding	energies	with	
the	OER	intermediates,	thus	resulting	in	high	overpotentials	towards	OER.	Among	them,	few,	e.g.,	
Mn−based	 oxides	 and	 PbO2,	 have	 been	 reported	 as	 the	 cathodes	 in	 high−voltage	 aqueous	
batteries.		

The	first	example	is	PbO2,	where	its	weak	adsorption	energy	towards	the	intermediates	bestows	
PbO2	high	inertness	towards	OER.	Thus,	the	aqueous	cells	based	on	the	PbO2	cathode	and	the	Pb	
metal	anode	could	be	charged	to	a	high	voltage	of	2	V.17,231	It	should	be	mentioned	that	PbO2	has	
two	common	crystal	phases:	the	a−phase	with	the	orthorhombic	structure	and	the	b−phase	with	
the	 tetragonal	 structure;	 they	 display	 slightly	 different	 electrochemical	 and	 physical	
properties.232,233	Specifically,	the	a−PbO2	phase	possesses	lower	electrical	conductivity	but	higher	
OER	overpotential	and	a	more	compact	deposition	morphology	than	the	b−PbO2,	thus	leading	to	
better	cyclic	stability.	Besides,	it	was	reported	that	doping	PbO2	with	elements	such	as	Bi234	and	
F235,236	can	enhance	its	OER	overpotential	via	 influencing	the	surface	binding	energy	with	OER	
intermediates.	 Notwithstanding	 the	 attractive	 advantages	 of	 PbO2,	 e.g.,	 high	 electrical,	 good	
chemical	stability,	and	high	OER	overpotential231,232,	its	toxicity	limits	future	development.		

Manganese	 oxides	 are	 another	 critical	 group	 of	 cathode	materials	 for	 high−voltage	 aqueous	
batteries.	They	are	abundant	and	environmentally	benign.237,238	Moreover,	manganese	bears	rich	
stable	valence	states	(+2,	+3,	+4,	+7),	 thus	occurring	as	different	manganese	oxides,	 including	
MnIIO,	MnIII2O3,	MnIVO2,	MnIIMnIII2O4	(Mn3O4),	and	MnII2MnIV3O8	(Mn5O8).	As	discussed	in	Section	
3.2,	 the	 OER	 activities	 of	 manganese	 oxides	 relate	 to	 their	 d−band	 structures,	 which	 differ	
between	 the	 valence	 states.	 In	 brief,	Mn3+	 exhibits	 a	 higher	 electrocatalytic	 activity	 towards	
water	 oxidation	 than	 other	 valence	 states.85,239,240	 For	 instance,	 α−Mn2O3	 presents	 an	
orthorhombic	crystal	structure	with	Mn3+	octahedrally	coordinated	by	oxygen	atoms;	α−Mn3O4	
exhibits	a	tetragonal	symmetry	and	a	distorted	spinel	structure	with	the	Mn3+	ions	located	in	the	
octahedral	sites,	both	of	which	are	known	OER-active.239	Besides,	introducing	defects,	i.e.,	oxygen	
vacancy,	into	the	MnO2	crystal	structure	produces	Mn3+;	consequently,	the	MnO2	will	transition	
from	being	OER−inert	to	OER−active.85,241	Meanwhile,	defect	engineering	is	also	considered	to	
optimize	the	ionic	conductivity	of	manganese	oxide	for	better	rate	performances.242		
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Among	 the	 manganese	 oxides,	 MnO2
187,243	 and	 Mn5O8

12	 have	 presented	 encouraging	 OER-
suppression	performances.	Specifically,	pseudocapacitive	MnO2	is	broadly	utilized	as	the	cathode	
in	aqueous	supercapacitors	and	could	work	in	a	wide	range	of	0.245	–	1.245	V	(vs.	SHE)	in	the	
neutral	Na2SO4	electrolytes	without	conspicuous	O2	evolution	reported.187	The	relatively	wide	
operation	window	is	partially	correlated	to	the	spontaneous	disproportionation	of	unstable	Mn3+	
into	stable	Mn2+	and	Mn4+	under	the	neutral	conditions.206		

It	was	reported	that	the	diluted	Na2SO4	aqueous	electrolytes	can	stably	work	at	a	high	voltage	of	
2.6	V	at	the	scan	rate	of	10	mV	s−1	in	the	MnO2-based	cells.187	In	regards	to	Mn5O8,	a	layer	of	
hydroxyl	groups	forms	on	the	surface	of	the	electrode	during	cycling	(Figure	21a).	According	to	
the	DFT	 calculations,	 the	 surface	 hydroxyl	 groups	 are	 effective	 in	 retarding	 the	OER	 through	
altering	 the	adsorption	energies	of	 the	 intermediates	 (Figure	21b).12	 The	material	exhibits	an	
exceptionally	 high	OER	overpotential	 of	 0.63	V	 at	 a	 low	 scan	 rate	 of	 1	mV	 s−1	 in	 the	Na2SO4	
aqueous	electrolytes.		

An	interesting	phenomenon,	as	briefly	mentioned	in	Section	4.2.1.1,	is	that	the	cell	consisting	of	
Mn5O8	 as	 both	 electrodes	 suffers	 severe	 electrolyte	 decomposition	 and	 capacity	 decay	 at	
relatively	 low	cycling	rates	e.g.,	0.5	A	g−1.	 In	comparison,	another	cell	delivers	 improved	cyclic	
stability	at	high	rates,	e.g.,	5	A	g−1.	Caution	must	be	taken	to	pan	out	the	conclusion	that	high-
rate	 reactions	 suppress	 OER.	 It	 is	 possible	 that	 the	 seemingly	 tempered	 OER	 is	 due	 to	 the	
predominant	occupation	of	 active	 sites	of	 the	electrode	by	 the	 charge	 carriers	 of	 the	 charge	
storage	process,	thus	suppressing	the	OER	and	improving	the	cycling	stability.	Alternatively,	the	
improved	cycle	life	can	be	simply	due	to	the	fact	that	a	high-rate	dwarfs	OER	kinetics.	It	is,	thus,	
critical	for	researchers	to	highlight	how	many	days	during	which	the	cycling	life	was	recorded.	If	
the	scale	of	HER	or	OER	is	time	dependent,	tests	at	a	high	current	rate	with	“mitigated”	OER	or	
HER	are	performative	and,	thus,	illegitimate	to	suggest	that	OER	or	HER	is	really	suppressed.		

A	unique	example	is	Mn3O4.	Ideally,	it	should	exhibit	high	OER	activity	due	to	the	valence	states	
of	3+	for	2/3	of	the	manganese;	however,	it	presents	a	wide	potential	range	(0.2	–	1.4	V	vs.	SHE)	
at	 the	scan	rate	of	2	mV	s-1.191	Specifically,	after	the	 initial	cycles,	 the	rGO@Mn3O4	electrode	
undergoes	a	positive	shift	of	the	OER	onset	potential	from	1.1	V	to	over	1.4	V	vs.	SHE	(Figure	21c).	
The	phenomenon	relates	to	the	new	redox	peak	at	~1.0	V,	corresponding	to	the	redox	reaction	
of	Mn4+	®	Mn7+;	 it	 appears	near	 the	OER	onset	potential	 of	 the	 first	 cycle,	which	 kinetically	
overwhelms	the	OER	process	for	electrons,	thus	increasing	the	OER	overpotential.	However,	it	is	
not	known	that	if	the	above	kinetic	abating	of	OER	due	to	better	kinetics	of	redox	reactions	of	
charge	 storage	 is	 applicable	 during	 the	 idling	 of	 batteries	 at	 open	 circuit	 voltage	 (OCV).	
Unfortunately,	cycling	reported	in	academic	papers	typically	does	not	have	resting	interludes	at	
OCV,	where	charge	storage	mechanism	is	completely	shut	off.		
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Figure	 21.	 a)	 Schematic	 illustration	 of	 the	 hydroxylated	 Mn5O8	 crystal	 structure	 with	 the	
hydroxylated	interphase	(-OH)	marked	by	the	red	arrow.	Reproduced	with	permission	from	ref	
12.	 Copyright	 2016	 Springer	 Nature.	 b)	 Activation	 energies	 from	 electrode	 materials	 to	
intermediates	and	final	products	in	the	OER	process	for	the	(100)	surface	of	surface	hydroxylated	
Mn5O8	(Mn5O8-OH),	Mn5O8,	and	(101)	surface	of	Mn3O4.	Reproduced	with	permission	from	ref	
12.	Copyright	2016	Springer	Nature.	c)	CV	curves	of	the	rGO@Mn3O4	composite	in	the	neutral	
1.0	M	Na2SO4.	Reproduced	with	permission	 from	ref	191.	Copyright	2018	American	Chemical	
Society.	

	

(2)	Metal	Organic	Frameworks	

MOF	materials	do	not	receive	much	attention	in	the	field,	and	related	reports	are	limited.	MOFs,	
particularly	the	metal	hexacyanoferrates	(MeHCF),	present	considerable	OER	overpotentials	and	
are	 broadly	 applied	 in	 the	 aqueous	 batteries.234,244-252	Generally,	MeHCF	materials	 are	 of	 the	
face−centered	cubic	structures	with	the	format	of	AxM[Fe(CN)6]y,	where	A	stands	for	the	guest	
ion	charges	(i.e.,	H+,	Na+,	K+,	NH4

+)	and	M	stands	for	a	transition	metal	(e.g.,	Cu,	Fe,	V,	Co,	Mn)	
that	 is	coordinated	by	nitrogen.	 In	some	structures,	Fe	 is	 replaced	by	another	metal,	M’.	The	
M’(CN)6	and	M(NC)6	octahedra	are	spliced	via	the	CN	ligands	in	a	linear	structure	with	repeated	
units	of	–NC–Fe–CN–M–NC–,	and	the	cavities	in	the	framework	are	the	sites	for	hosting	the	guest	
charges	and	lattice	water	molecules	(Figure	22).247,252		

One	critical	advantage	of	the	group	of	materials	 is	 the	tunable	sizes	of	the	 interstitial	sites	to	
accommodate	 charges	 of	 different	 sizes.245	 And	 more	 importantly,	 some	 of	 them,	 e.g.,	
Na2CoFe(CN)6248,	 Na0.6Fe2(CN)6253,	 present	 excellent	 OER	 inertness	 and	 high	 upper	 potential	
limits.	For	 instance,	Na2CoFe(CN)6	cathode,	as	 synthesized	by	a	conventional	 co−precipitation	
method,	exhibits	stable	CV	curves	with	two	pairs	of	redox	peaks	when	cycled	between	0.2	−	1.3	
V	vs.	SHE	with	a	scan	rate	of	0.1	mV	s-1	in	the	1.0	M	Na2SO4	electrolyte.248	No	water	electrolysis	
peaks	appear	near	 the	upper	cutoff	potential	of	1.3	V	at	an	exacting	 scan	 rate	of	0.1	mV	s-1,	
indicating	a	high	OER	overpotential	of	at	least	0.5	V.		
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The	OER	 inertness	 of	 these	MOFs	 is	 yet	 to	 be	well	 theorized.	 Some	works	 reveal	 the	 strong	
impacts	 of	 crystallinity	 and	 structural	 defects	 such	 as	 Fe(CN)6	 and	 CN-	 vacancies	 on	 the	OER	
performance.234,244,246	 Specifically,	 increasing	 the	 amounts	 of	 Fe(CN)6	 vacancies	 would	
deteriorate	the	spatial	structures.	Besides,	 it	brings	more	water	molecules	 into	the	 interstitial	
sites;	 correspondingly,	 the	 content	 of	 A+	 will	 decrease	 for	 balancing	 the	 charges,	 thus	
jeopardizing	the	charging	capacity	in	the	first	cycles.244,254-256	The	defective	sites	may	promote	
side	 reactions	 such	 as	 OER.	 Thus,	 the	 reduced	 crystallinity	 and	 increased	 CN	 vacancies	 are	
reported	to	directly	aggravate	the	parasitic	OER	by	supporting	the	formation	of	an	oxy(hydroxide)	
active	layer	on	the	electrode	surface.257,258	Improving	the	crystallinity	of	MeHCF	is	an	effective	
way	 to	 remove	 the	 defects,	 thus	 promoting	 a	 wide	 operation	 potential	 range	 in	 aqueous	
electrolytes.246,257,258		

	

	

	

Figure	 22.	 Schematic	 crystal	 structure	 of	 a	 Prussian	 blue	 analogue	 MIII[FeIII(CN)6]·2H2O.	
Reproduced	with	permission	from	ref	252.	Copyright	2019	Springer	Nature.	

	

(3)	Heteroatom-Doped	Manganese	Oxide	

In	aqueous	batteries,	pre−insertion	of	alkaline	metal	ions,	e.g.,	Li+,	Na+,	and	K+,	into	MnO2	crystal	
structure	can	stabilize	the	crystal	structure,	increase	the	capacity,	and	promote	the	cation	rapid	
diffusion.192,194,259-263	 Importantly,	 the	 doping	 is	 a	 facile	 way	 to	 enhance	 manganese	 oxide’s	
overpotential	towards	OER.	Before	alkaline	metal	ion	insertion,	pristine	MnO2	cathode	typically	
induces	 oxygen	 evolution	 at	 approximately	 1.2	 V	 vs.	 SHE	 in	 neutral	 electrolytes,	 which	 is	
measured	through	CV	with	a	sweeping	rate	of	5	mV	s-1.259	By	contrast,	the	treated	compounds	
such	as	KxMnO2	or	NaxMnO2	could	withstand	the	upper	cutoff	potential	of	over	1.4	V	vs.	SHE.	The	
specific	mechanisms	will	be	introduced	in	the	following	parts.259			
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The	 K+−inserted	 α−MnO2,	 i.e.,	 KxMnO2,	 exhibits	 a	 positive	 shift	 of	 the	 OER	 onset	 potential,	
observed	 when	 increasing	 the	 upper	 cutoff	 potential	 from	 1	 V	 to	 1.2	 V	 (Figure	 23a).259	 The	
enhancement	relates	to	an	additional	redox	reaction	between	1	and	1.2	V	in	the	CV	curve	that	
nears	the	OER	onset	potential.	This	anodic	peak	competes	against	the	OER	process	for	electrons,	
thus	 increasing	the	OER	polarization	and	elevating	the	cutoff	potential.	However,	 it	remains	a	
question	whether	this	new	redox	peak	can	damp	the	kinetics	of	OER	when	the	batteries	are	at	
the	OCV	state.	The	appearance	of	the	new	anodic	peak	is	closely	correlated	to	the	K+	pre-insertion,	
considering	its	absence	in	the	CV	curves	of	the	pristine	α−MnO2	(Figure	23b).	Furthermore,	the	
origin	of	the	additional	redox	reaction	is	 investigated.	The	XPS	tests	show	two	facts:	 (1)	when	
both	materials	are	discharged	to	0	V,	the	Mn	valence	states	in	KxMnO2	and	α−MnO2	are	3.0	and	
3.7,	 respectively,	 (2)	 KxMnO2	 can	 uptake	 more	 Na+	 than	 α−MnO2.	 Accordingly,	 a	 general	
mechanism	is	proposed	that	the	pre-insertion	of	K+	ions	activate	the	active	sites	inside	the	2×2	
tunnels	 of	 α−MnO2.	 Consequently,	 the	 dominant	 reaction	mechanism	 is	 converted	 from	 the	
surface	electrical	double−layer	capacitance	to	pseudo-capacitance,	thus	producing	the	new	peak	
in	the	CV	curves	(Figure	23c).		

Birnessite−type	Na0.5MnO2	with	the	layered	structure	was	synthesized	via	the	electrochemical	
oxidization	of	Mn3O4.194	 Similar	 to	 the	KxMnO2,	an	extra	 redox	peak	appears	at	0.96	V	 in	 the	
cathodic	 scan,	 corresponding	 to	 the	 redox	 couple	 of	 Mn4+/Mn3+.	 The	 electron	 deficiency	
promotes	the	polarization	of	the	OER	process,	thus	elevating	its	onset	potential	from	1.25	V	for	
pristine	MnO2	to	1.55	V.	And	CV	results	reveal	that	the	material	could	reversibly	work	in	a	wide	
window	of	0.25	–	1.55	V	vs.	SHE	at	a	scan	rate	of	50	mV	s-1	without	oxygen	evolution	in	the	1.0	
M	Na2SO4	solution.	Another	fact	that	should	be	mentioned	is	that	the	disordered	structure	(low	
crystallinity)	of	the	NaxMnO2	resulted	from	rich	pre-inserted	Na+	does	not	have	a	great	impact	on	
the	OER	performances,	differing	from	what	we	have	discussed	in	the	HER	cases.192	

A	unique	example	is	the	Ni0.25Mn0.75O	solid	solution	electrode.264	When	it	is	cycled	in	LiCl	aqueous	
electrolytes	between	0.245	–	1.645	V	vs.	SHE,	serious	O2	evolution	is	detected	in	the	initial	cycles.	
In	 the	 following	 cycles,	 the	OER	 intensity	 decays	 rapidly;	 concurrently,	 the	 pristine	 electrode	
undergoes	 the	 phase	 transformation	 from	 the	 crystalline	 Ni0.25Mn0.75O	 to	 the	 amorphous	
LiNi0.5Mn1.5O4.	Consequently,	the	cathode	could	stably	and	reversibly	work	in	the	wide	potential	
window	from	0.245	V	to	1.645	V	vs.	SHE	at	a	scan	rate	of	5	mV	s-1.	The	mechanism	behind	the	
phenomenon	has	yet	to	be	investigated.		
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Figure	 23.	 CV	 curves	 of	 a)	 KxMnO2	 electrode	 and	 b)	 α−MnO2	 electrode	 in	 various	 potential	
windows	at	5	mV	s−1.	 c)	 Illustration	of	 storage	mechanisms	before	and	after	K+	pre-insertion.	
Reproduced	with	permission	from	ref	259.	Copyright	2016	American	Chemical	Society.	

	

4.3.2	Reduction	of	Active	Sites:	

As	 mentioned	 above,	 the	 charge	 storage	 reaction	 competing	 against	 the	 water	 electrolysis	
process	may	predominantly	occupy	the	active	sites	on	the	electrodes,	thus	increasing	the	water	
electrolysis	polarization.	This	strategy	can	inhibit	water	electrolysis	during	the	charging	process	
but	may	not	be	effective	when	the	battery	 idles.	Alternatively,	 the	active	sites	towards	water	
electrolysis	can	be	blocked.	One	can	use	electrolysis	inhibitors	that	are	adsorbed	over	the	active	
sites	on	electrodes	or	coat	on	electrodes	the	electrical	insulating	but	ionic	conductive	solid-state	
interphases.		

4.3.2.1	Electrolysis	Inhibitors	on	Electrodes:	
(1)	HER	Inhibitors	on	Anodes:	
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Some	HER	inhibitors	on	electrode	surface	can	serve	to	reduce	electroactive	sites/areas,	similar	
to	the	capping	agents	in	the	controlled	syntheses	of	low-dimension	nanomaterials,	i.e.,	quantum	
dots	and	nanofibers.	The	HER	inhibitors	need	to	be	thermally,	chemically,	and	electrochemically	
stable	under	battery	working	conditions	and	are	strongly	adsorbed	over	the	electroactive	sites	
to	inhibit	the	water’s	electrolysis	and	the	corrosion	of	the	electrodes.17	There	are	generally	two	
types	of	HER	inhibitors	in	aqueous	electrolytes:	(1)	organic	ones	and	(2)	inorganic	ones.		

Regarding	 the	 organic	 inhibitors,	 electrolyte	 additives,	 including	 derivatives	 of	
benzaldehyde132,265-267	 and	 benzene268	 were	 studied,	 showing	 HER	 hindrance	 performance	 in	
lead-acid	batteries.	For	 instance,	adding	10−4	mol	L−1	2−methoxybenzaldehyde	 into	 the	4.5	M	
H2SO4	aqueous	electrolyte	downshifts	 the	HER	onset	potential	of	 the	Pb−Sb	alloy	anode	from	
−0.574	V	to	−0.674	V	vs.	SHE,	where	the	onset	current	density	is	set	as	0.1	mA	cm-2	(Figure	24a).267	
The	passivation	effect	relates	to	the	 interference	of	charges	uptake	through	blocking	the	HER	
active	 sites;	 this	 can	 be	 rationalized	 by	 decreasing	 the	 double−layer	 capacitance	 to	 suppress	
water	splitting.269,270		

On	the	other	hand,	heed	needs	to	be	paid	 to	 the	 interactions	between	the	additives	and	the	
electrode	surface.	In	one	model	proposed,	during	the	operation	(discharge)	of	lead-acid	battery,	
the	Pb	surface	of	the	Pb−Sb	alloy	anode	is	positively	charged,	which	prefers	to	absorb	SO4

2−;	the	
Sb	surface	is	negatively	charged,	thus	being	preferentially	covered	by	H+.265	The	disparity	is	due	
to	the	PZC	of	Pb	being	 lower	than	that	of	Sb	by	500	mV.	The	higher	oxidation	potential	of	Sb	
inhibits	 the	 hydrogen	 evolution	 on	 its	 surface.	 Furthermore,	 the	 additives	 with	 moderate	
passivation	degrees	such	as	vanillin132	and	2−hydrorqbenzaldehyde268	exhibit	high	selectivity	to	
passivate	the	Sb-exposed	surface	(Figure	24b).	In	comparison,	the	strong	passivation	additives,	
e.g.,	p−propoxy	acetophenone,	2−methoxybenzaldehyde,	occupy	both	Pb	and	Sb	surfaces,	thus	
interfering	with	 the	 regular	 charges	 intake	 on	 Pb	 surfaces	 (Figure	 24c).132,268	 The	 passivation	
degree	 relates	 to	 the	 functional	 groups	 such	 as	 −CHO,	 −COCH3	 or	 −COOH,	 −OCH3,	 −OH,	 and	
−OC3H7	and	their	binding	energies	with	the	electrode	surface.132	In	addition,	the	concentration	
of	additives	is	a	critical	parameter	to	consider.	It	is	reported	that	the	addition	of		vanillin	impedes	
the	reaction	kinetics	of	the	charge	storage	process	when	its	concentration	exceeds	5´10−4	mol	
L−1,	as	indicated	by	the	large	voltage	hysteresis.132		
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Figure	24.	a)	CV	curves	for	a	Pb-Sb	alloy	electrode	in	electrolytes	with	and	without	benzaldehyde	
additives	(inset	is	the	structure	of	2-Hydroxy	benzaldehydes).	Reproduced	with	permission	from	
ref	267.	Copyright	1990	Elsevier.	Schematic	model	of	the	adsorption	of	differently	substituted	
benzaldehydes	at	the	anode	with	b)	moderate	passivation	effect	and	c)	strong	passivation	effect.	

Reproduced	with	permission	from	ref	132.	Copyright	1995	Elsevier.	

	

In	addition,	sodium	dodecyl	sulfate	(SDS)	was	reported	as	a	electrolysis	inhibitor	to	expand	the	
operation	window	of	aqueous	Na/Zn−hybrid	ion	batteries.14	Interestingly,	with	0.8	×10−3	mol	L−1	

SDS	in	the	electrolytes,	the	onset	potential	of	HER	and	OER	over	the	Ti	grid	current	collector	are	
respectively	shifted	to	−1.15	V		and	1.4	V	vs.	SHE	at	the	scan	rate	of	10	mV	s−1,	thus	enabling	a	
wide	operation	window	of	2.5	V.	The	results	demonstrate	the	feasibility	of	the	SDS	additive	on	
HER/OER	inhibition.	

Another	electrolysis	inhibitor—alkanethiols—is	reported	to	protect	the	Fe	metal	anode	from	HER.	
Note	 that	 the	 thermodynamic	 redox	 potential	 of	 the	 Fe(OH)2/Fe	 couple	 is	 -0.808	 V	 vs.	 SHE,	
whereas	at	pH	14,	HER	takes	place	at	 -0.826	vs.	SHE;	 thus,	 the	 iron	electrode,	when	 idling,	 is	
thermodynamically	stable	in	a	strong	alkaline	solution.	However,	the	charging	process	to	form	
iron	demands	an	overpotential,	which	could	drag	the	potential	of	the	iron	electrode	below	that	
of	HER.	As	shown	in		Figure	25a,	a	uniform	monolayer	of	alkanethiols	is	grown	on	the	Fe	metal	
surface,271	where	the	hydrophobic	nature	of	the	coating	not	only	prevents	the	Fe	metal	electrode	
from	 contacting	 water	 but	 also	 depopulates	 the	 active	 sites	 on	 the	 electrode	 surface,	 thus	
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enhancing	the	HER	overpotential.	Of	note,	the	HER-suppression	performance	of	the	surfactant	
relates	to	its	chain	formula;	a	maximum	90%	reduction	of	HER	rate	is	achieved	at	a	chain	length	
of	six.	Besides,	the	compactness	of	the	coating	also	has	strong	impacts	on	cell	performance;	more	
compactness	of	 the	 surfactant	 results	 in	 a	 higher	 charge	 resistance	 (Figure	 25b)	 and	 a	 lower	
double−layer	capacitance	(Figure	25c).		

The	 representative	 inorganic	 additives	 are	 the	 metal	 sulfides,	 which	 can	 be	 added	 into	
electrolytes	(e.g.,	K2S,	Na2S)	or	electrodes	(e.g.,	FeS,	PbS,	Bi2S3).156	Several	works	validated	that	
the	 additives	 allow	 the	 Fe	metal	 anode	 to	 be	 deeply	 charged	 to	 −1.1	 V	 vs.	 SHE	without	 the	
occurrence	of	HER	at	a	CV	sweeping	rate	of	0.5	mV	s-1.156,272	The	possible	mechanism	is	that	the	
dissolved	 S2−	 that	 is	 chemisorbed	 over	 the	 electrode	 surface	 delays	 the	 Tafel	 reaction	 of	 H2	
formation	due	to	the	enhanced	overpotential.273	Besides,	S2−	 is	also	suspected	of	entering	the	
Fe(OH)2	lattice,	affecting	the	material’s	morphology	and	shortening	the	ion	diffusion	path,	which	
benefits	the	reaction	kinetics	of	the	energy	storage	process.156,272		

Ions	can	serve	as	additives	to	inhibit	HER.	For	example,	when	adding	4.0	M	LiCl	into	2.0	M	ZnSO4-
polyacrylamide	 hydrogels,	 the	 formed	 electrolytes	 (ZL-PMMa)	 could	 effectively	 reduce	 the	
corrosion	 and	 hydrogen	 evolution	 on	 Zn	metal	 anode	 relative	 to	 that	 of	 pure	 2.0	M	 ZnSO4-
polyacrylamide	hydrogels	(Z-PMMa).274	The	improvements	are	correlated	to	the	Li+-rich	double	
layer	 interface	 formed	 on	 the	 anode	 during	 the	 charging	 process	 (Figure	 25d).	 Besides,	 the	
presence	 of	 Li+	 adsorption	 layer	 results	 in	 the	 transition	 of	 Zn	 deposition	 morphology	 from	
random	nano-disks	to	oriented	hexagonal	rods,	which	may	also	account	for	improved	corrosion-
resistance	(Figure	25e,	f).		

In	fact,	the	additives	that	work	via	the	physical-	or	chemical-	adsorption	mechanism	have	been	
well-studied	in	the	corrosion	field	to	protect	the	metals	in	aqueous	environments.275-277	However,	
this	 approach	 has	 yet	 to	 receive	 much	 attention	 from	 the	 battery	 community.	 Hence,	 the	
knowledge	of	corrosion	protection	can	be	good	references	for	selecting	appropriate	additives	for	
high-voltage	aqueous	batteries.	
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Figure	 25.	 a)	 Schematic	 illustration	 of	 the	 HER	 passivation	 effect	 from	 the	 self-assembled	
monolayer	 of	 n-alkanethiols	 on	 the	 iron	metal	 anode.	 b)	 Impedance	 results	 of	 the	 iron	 disk	
electrode	at	−1.1	V	vs.	SHE	in	1.0	M	potassium	hydroxide	with	and	without	10	mM	octanethiol.	
c)	Double-layer	capacitance	variance	of	the	iron	disk	electrode	in	the	electrolyte	with	or	without	
10	mM	octanethiol	at	different	electrode	potentials.	Reproduced	with	permission	from	ref	271.	
Copyright	2013	American	Chemical	Society.		d)	Schematic	illustrating	the	interfacial	differences	
in	Z-PAAm	and	ZL-PAAm.	SEM	images	of	e)	the	Zn	foil	cycled	in	Z-PAAm	and	f)	ZL-PAAm	with	the	
scale	bar	of	4	µm.	Reproduced	with	permission	from	ref	274.	Copyright	2020	Wiley-VCH.	

	

	

(2)	OER	Inhibitors	on	Cathodes:	
Similar	 with	 the	 anode’s	 side	 pertaining	 to	 HER,	 the	 inhibitors	 on	 the	 cathode	 side	 are	 also	
demanded	 to	 be	 thermally,	 chemically,	 and	 electrochemically	 stable	 under	 the	 working	
conditions.	More	importantly,	the	inhibitors	can	be	adsorbed	over	the	active	sites	of	electrode	
and	are	OER-inert.	Generally,	the	inhibitors	can	be	classified	into	inorganic	ones	and	organic	ones.		

There	are	 several	examples	of	 inorganic	 inhibitors.	 In	 lead−acid	batteries,	OER	over	 the	PbO2	
electrode	 can	 be	 ameliorated	 by	 adding	 H3PO4	 into	 electrolytes,	 where	 H3PO4	 is	 strongly	
adsorbed	over	 the	 active	 sites,	which	 increases	 the	OER	overpotential.278,279	 Besides,	 sodium	
metaborate	 (NaBO2)	 is	 feasible	 to	 inhibit	 the	O2	evolution	over	 the	Ni(OH)2	electrode	at	high	
working	 temperatures.280	 Furthermore,	 the	 addition	 of	 the	 metaborate	 ions	 reduces	 the	
resistance	 of	 charge	 transfer	 in	 the	 electrolytes,	 thus	 promoting	 the	 reaction	 kinetics	 of	 the	
energy	 storage	 process.	 Consequently,	 with	 the	 NaBO2	 additive,	 the	 cycling	 efficiency	 is	
enhanced	to	over	96%	at	70	°C	at	the	current	rate	of	1	C,	while	the	efficiency	is	92%	in	the	plain	
electrolytes.		
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As	 for	 the	 reported	 organic	 inhibitors,	 the	 examples	 are	 disodium	 propane−1,3−disulfonate	
(PDSS)281	 and	 sodium	 dodecyl	 sulfate	 (SDS)14.	 PDSS	 uplifted	 the	 OER	 onset	 potential	 of	 the	
electrolyte	 (0.5	M	LiNO3	 in	a	phosphate	buffer	 (pH=7))	 to	over	1.8	V	vs.	SHE;	 the	high	anodic	
stability	could	even	withstand	high-potential	cathodes	such	as	LiNi0.5Mn1.5O4		with	two	charging	
peaks	at	1.69	V	and	1.72	V	vs.	SHE,	separately.281	It	is	demonstrated	that	the	PDSS	anions	serve	
as	 the	 physical	 barrier	 on	 the	 electrolyte/electrode	 interface	 to	 prevent	 the	 electrode	 from	
contacting	water	molecules.	Similarly,	the	addition	of	SDS	realizes	the	stable	operation	of	another	
high−voltage	material,	Na2MnFe(CN)6,	in	the	1.0	M	Na2SO4	+	1.0	M	ZnSO4	electrolyte.14	With	the	
SDS	additive	in	electrolytes,	the	OER	onset	potential	is	increased	from	1.1	V	to	1.4	V	vs.	SHE,	high	
enough	to	include	the	two	redox	pairs	of	the	electrode	at	0.7	V	and	1.1	V	vs.	SHE,	respectively.	
DFT	calculations	validate	that	the	SDS	film	blocks	the	transference	of	water	molecules	through	
its	hydrophobic	body.		

	

4.3.2.2	Artificial	Solid-State	Interphases	on	Electrodes:	

(1)	Artificial	SEI	Layers	on	Anodes:	

Forming	an	SEI	layer	or	a	solid-state	electrolyte	layer	over	anode	can	kinetically	palliate	HER.	The	
interphase	should	be	both	a	superior	ionic	conductor	and	an	electrical	insulator.13	Besides,	the	
interphase	 ought	 to	 uniformly	 cover	 the	 electrode	 surface	 and	 be	 stable,	 i.e.,	 thermally,	
chemically,	 and	 mechanically,	 under	 the	 operating	 conditions.	 As	 discussed	 above,	 during	
charging,	 the	 solvated	 cations	 would	 be	 adsorbed	 over	 the	 negatively	 charged	 anode	 and	
confined	in	the	Helmholtz	double	layer.	Generally,	it	is	the	solvating	water	molecules	that	will	
receive	electrons	from	the	anode.	Therefore,	unlike	the	non-aqueous	batteries,	where	via	the	
decomposition	 of	 the	 organic	 solvent,	 the	 SEI	 layer	 forms	 in	 situ	 below	 certain	 potentials	
(corresponding	to	LUMO	of	the	solvent),	the	solvent	reduction	product	of	aqueous	electrolytes	
is	H2	gas,	not	contributing	to	the	SEI	formation	but	damaging	the	surface	films	if	there	are	any.		

The	first	solution	is	to	tailor	the	solvation	structure	of	cations,	aiming	at	replacing	H2O	molecules	
with	other	SEI-producing	substances.	As	mentioned	in	Section	4.2,	co-solvents	with	high	Guttman	
donor	numbers	could	replace	water	to	enter	the	cation’s	solvation	shell	and	get	reduced	prior	to	
water	 molecules.123	 Adding	 20	 wt.%	 DMSO	 into	 a	 1.3	 m	 aqueous	 ZnCl2	 electrolyte	 is	
demonstrated	applicable	to	produce	an	SEI	enriched	with	Zn12(SO4)3Cl3(OH)15·5H2O,	ZnSO3,	and	
ZnS,	thus	suppressing	the	HER	on	the	zinc	metal	anode.123	In	another	case,	adding	tetraethylene	
glycol	dimethyl	ether	(TEGDME)	into	the	LiTFSI-based	WiSE	could	facilitate	the	entering	of	the	
ether	co-solvent	into	the	Li+	primary	solvation	shell	as	well.282	MD	calculations	and	XPS	further	
support	the	preference	of	the	reduction	of	both	TFSI-	anion	and	the	ether	co-solvent	to	form	a	
SEI	 layer	 enriched	 with	 LiF	 and	 carbonaceous	 species	 .	 As	 a	 result,	 the	 “ether-in-water”	
electrolyte	presents	an	exceptionally	wide	electrochemical	stability	window	of	4.2	V,	supporting	
the	stable	running	of	a	2.5	V	LiMn2O4||Li4Ti5O12	full	cell.	
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Salt	concentrations	in	electrolytes	greatly	affect	the	chemical	environment	inside	the	electrolytes.	
In	WiSE,	the	anions	are	expected	to	be	in	the	closer	vicinity	to	cations	relative	to	the	case	of	dilute	
electrolytes	(Figure	2a2).	In	addition,	the	properties	of	Helmholtz	double	layer	are	a	function	of	
the	salt	concentration	inside	the	electrolytes.	Specifically,	the	inner	region	of	the	double	layer	
enriched	with	cations	would	be	compressed	at	higher	salt	concentrations,	 thus	pulling	anions	
closer	to	the	anode	surface.31	This	promotes	the	defluorination	of	anions	such	as	BETI283,	TFSI-7,106,	
and	CF3SO3

-284-286	to	form	SEI	on	the	anode	surface.	For	instance,	the	LiF-rich	SEI	layer	forms	on	
the	anode	 surface	 in	 the	 LiTFSI-based	WiSE,	which	 suppresses	HER	by	physically	blocking	 the	
exposure	of	water	molecules.7,106	Unfortunately,	the	application	of	anion	reduction	to	produce	
stable	 SEI	 has	 one	 potential	 limitation:	 at	 deeply	 low	 potentials,	 water	 molecules	 that	 are	
sensitive	to	the	potential	changes	due	to	its	large	dipole	moment	and	small	size	can	be	pulled	
near	 the	electrode	surface	with	hydrogen	atoms	of	water	pointed	 to	 the	surface,	where	HER		
would	jeopardize	the	SEI	formation,	accompanied	by	the	low	CE.3,31,287		

In	WiSE,	the	dissolved	gases	may	also	involve	in	the	formation	of	the	SEI	layer.7,285	For	instance,	
both	Li2CO3	and	Li2O	can	be	found	in	the	SEI	layer	in	the	21m	LiTFSI	electrolyte,	which	is	proposed	
to	originate	from	the	reduction	of	CO2	and	O2	gases	dissolved	in	electrolytes,	respectively	(Figure	
26a).7	 It	 was	 rationalized	 that	 SEI	may	 be	 formed	 in	 diluted	 aqueous	 electrolytes	 as	well	 by	
consuming	 the	 dissolved	 gases,	 but	 therein	 they	 undergo	 rapid	 decay	 and	 dissolution	 after	
repeated	cycling.7		

Another	 solution	 is	 to	 introduce	 the	 artificial	 SEI	 or	 the	 solid-state	 electrolyte	 layer	 over	 the	
anode	before	cycling.	For	instance,	a	heterostructure	anode	is	designed	(Figure	256),	where	the	
Li	metal	is	coated	sequentially	by	an	inner	layer	of	a	gel−polymer	electrolyte	(GPE)	saturated	with	
1.0	M	LiClO4	in	ethylene	carbonate,	diethyl	carbonate,	and	dimethyl	carbonate	(1:1:1,	V:V:V)	and	
an	outer	layer	of		a	LISICON	film	consisting	of	Li2O−Al2O3−SiO2−P2O5−TiO2−GeO2.13,288	Therein,	the	
GPE	serves	as	the	buffer	 layer	to	 inhibit	side	reactions,	and	the	LISICON	film	plays	the	role	of	
preventing	the	permeation	of	protons,	water,	and	hydrated	ions.	At	the	same	time,	both	GPE	(0.2	
mS	cm−2)	and	LISICON	films	(0.1	mS	cm−2)	possess	superior	Li+	conductivity,	thus	facilitating	the	
reversible	cycling	of	the	composite	electrode	even	at	high	rates.	Consequently,	the	pioneering	
GPE	coating	allows	the	plating/stripping	of	the	lithium	electrode	operating	even	at	−3.04	V	vs.	
SHE	 in	 0.5	 M	 Li2SO4	 aqueous	 electrolytes,	 indicating	 the	 efficacious	 HER-suppression	 of	 the	
strategy.	 Furthermore,	 the	 cell	 composed	 of	 the	 composite	 anode	 and	 the	 LiMn2O4	 cathode	
delivers	a	high	output	voltage	over	4	V	in	the	0.5	M	Li2SO4	aqueous	electrolyte,	a	high	CE	close	to	
100%,	and	a	high	energy	density	up	to	446	Wh	Kg−1	based	on	the	mass	of	electrodes,	which	is	
even	 close	 to	 that	 of	 the	 commercial	 LIBs	 using	 the	 organic	 electrolytes.	 Later	 on,	 similar	
heterostructures	were	 also	 applied	 in	 other	 anode	materials	with	 low	 redox	 potentials,	 e.g.,	
graphite289	at	0.1	V	vs.	Li/Li+,	Mg	metal290	at	−2.34	V	vs.	SHE.		

Applying	the	artificial	SEI	layers,	reversible	plating/stripping	behaviors	of	Mg	and	Al	(−1.7	V	vs.	
SHE)	metals	are	reported	in	aqueous	electrolytes.291,292	Specifically,	the	polymeric	SEI	layer	for	
the	Mg	anode	comprises	thermal−cyclized	polyacrylonitrile	(cPAN	with	a	molecular	formula	of	
(C3H3N)n)	and	Mg	trifluoromethanesulfonate	(Mg(CF3SO3)2)	(Figure	26c),	which	helps	extend	the	
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full	cell	voltage	to	over	3.0	V.	In	the	work	for	the	Al	anode,	an	ionic	liquid	(IL)−rich	artificial	SEI	
layer	 was	 formed	 on	 the	 pristine	 Al	 metal	 anode	 by	 immersing	 the	 electrode	 in	 the	 IL	 of	
AlCl3/[EMIm]Cl	 (1.3:1)	 for	 one	 day.	 Artificial	 SEI	 is	 capable	 of	 inhibiting	HER	 for	 high−voltage	
aqueous	batteries.		

Artificial	SEI	layers	have	also	been	introduced	over	the	Zn	metal	anode	to	prevent	corrosion	and	
the	accompanied	hydrogen	evolution.168-170,293	For	instance,	a	polyamide	(PA)-based	artificial	SEI	
is	designed	to	protect	the	Zn	metal	anode.168	The	PA	coating	suppresses	the	side	reactions	via	
two	mechanisms	(Figure	26d).	Firstly,	the	interphase	physically	blocks	the	free	water	molecules	
from	the	bulk	electrolyte.	Secondly,	the	polar	amide	groups	in	the	PA	chains	can	interrupt	the	
solvation	 sheaths	 of	 Zn2+	 inside	 the	 interphase	 by	 forming	 hydrogen	 bonds	 with	 the	 water	
molecules.	Then	more	dehydrated	Zn2+	instead	of	the	reactive	[Zn(OH2)6]2+	complexes	would	be	
involved	in	the	plating	reaction.	Consequently,	the	corrosion	resistance	of	the	coated	anode	is	
significantly	enhanced,	which	is	supported	by	the	positively	shifted	Ecorr	from	−0.73	V	to	−0.72	V	
vs.	SHE	in	linear	polarization	tests	(Figure	26e)	and	the	clean	and	smooth	surface	after	100	cycles	
of	plating/stripping	in	the	2.0	M	ZnSO4	electrolyte.	

Overall,	the	field	of	HER	suppression	by	SEI	is	still	at	a	rudimentary	stage.	For	future	development,	
more	focus	should	be	shifted	to	the	selection	of	suitable	additives	in	the	electrolytes	that	assist	
the	formation	of	efficacious	SEI	layers.	Under	aqueous	environments,	the	resulting	SEI	needs	to	
be	more	robust	than	the	counterparts	in	aprotic	batteries.	It	is,	therefore,	pivotal	to	study	the	
durability	of	SEI,	particularly	the	evolving	HER	kinetics	at	various	SOC	of	batteries,	including	when	
the	batteries	are	idling.		
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Figure	 26.	 Schematic	 illustration	 of	 a)	 SEI	 formation	mechanisms	 in	WiSE	 (Reproduced	 with	
permission	from	ref	7.	Copyright	2017	American	Chemical	Society.),	b)	A	 lithium	metal	anode	
coated	by	the	artificial	SEI	layers	of	GPE	and	LISICON	films	(Reproduced	with	permission	from	ref	

13.	Copyright	2013	Springer	Nature.),	and	c)	the	structure	of	Mg2+-conducting	artificial	SEI	over	
the	Mg	powder	electrode	(Reproduced	with	permission	from	ref		291.	Copyright	2018	Springer	
Nature.).	d)	Schematic	diagrams	for	Zn	deposition	on	the	coated	Zn,	suggesting	the	role	of	PA	
layer	in	the	inhibition	of	side	reactions.	e)	Tafel	plots	showing	the	corrosion	potentials	of	the	bare	
Zn	and	the	coated	Zn.	Reproduced	with	permission	from	ref		168.	Copyright	2019	Royal	Society	
of	Chemistry.	

	

(2)	Artificial	Cathode-Electrolyte	Interphase	Layer	on	Cathodes:	

The	cathode-electrolyte	interphase	(CEI)	layer,	a	cathode	version	of	SEI,	needs	to	be	electronically	
insulating	and	ionically	conductive.	Similar	to	the	SEI	formation	on	the	anode,	water	electrolysis	
of	the	aqueous	electrolytes	cannot	constitute	a	CEI	layer	on	cathodes;	hence	the	formation	of	
CEI	can	only	count	on	the	additives	and	salts	in	the	electrolytes.		

For	 instance,	 the	 impact	 of	 a	 vinylene	 carbonate	 (VC)	 additive	 in	 the	 1.0	M	 LiNO3	 aqueous	
electrolyte	was	studied,	where	the	addition	of	1	wt.%	VC	significantly	improves	the	cyclic	stability	
and	 CE	 for	 the	 Li1.05Cr0.1Mn1.85O4	 cathode.294	 This	 is	 ascribed	 to	 the	 in	 situ	 formed	 polymeric	
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interphase	on	 the	electrode	surface,	which	 inhibits	OER	by	blocking	 the	water	molecules.2,294	
Additionally,	an	additive	of	tris(trimethylsilyl)	borate	(TMSB)	can	contribute	to	the	formation	of	
an	 effective	 CEI	 layer	 in	 concentrated	 electrolytes.295	 The	 resulting	 amorphous	 interphase	 is	
formed	through	the	oxidation	of	TMSB,	as	suggested	by	the	peak	at	1.6	V	vs.	SHE	in	the	first	CV	
cycle.	The	CEI	helps	improve	the	cycling	stability	and	CE	of	a	LiCoO2	cathode	by	inhibiting	OER	
and	avoiding	the	dissolution	of	Co-ions.	The	full	cell	presents	a	high	voltage	of	2.5	V	and	an	energy	
density	of	120	Wh	kg−1	based	on	the	mass	of	electrodes.	Furthermore,	the	theoretical	calculations	
demonstrate	that	the	thiophene	with	the	highest	occupied	molecular	orbital	(HOMO)	at	−5.8	eV	
is	potentially	a	good	CEI-formation	additive.		

These	reported	strategies	show	a	vast	potential	to	protect	high−potential	cathode	materials	from	
triggering	OER;	however,	meager	attention	has	yet	to	be	devoted	to	this	area.	It	is	expected	that	
more	 additives	will	 be	 identified	 to	 form	 effective	 CEI	 on	 cathodes.	 It	 is	 not	 a	 question	 that	
artificial	 CEI	 bears	 opportunities	 to	 realize	 the	 OER	 suppression	 for	 high−voltage	 aqueous	
batteries.		

	

5.	Challenges	and	Outlooks:	

The	 solutions	 to	 address	 HER	 and	 OER	 can	 be	 thermodynamic	 or	 kinetics	 in	 nature.	 The	
thermodynamic	 solutions	 pertain	 to	 strengthening	 the	 O-H	 bonds	 inside	 the	 water	 solvent,	
managing	the	operation	potentials	of	the	electrodes,	and	decoupling	the	alkaline	anolytes	and	
acidic	catholytes	through	an	ion-selective	membrane.	The	kinetic	solutions	relate	to	enhancing	
the	overpotentials	for	both	the	HER	and	OER	processes.		

Overall,	 the	 anticatalytic	 field	 for	 aqueous	 batteries	 is	 at	 its	 burgeoning	 stage;	 the	 further	
progress	 of	 the	 area	 demands	 out-the-the-box	 strategies,	 the	 practice	 of	 widely	 accepted	
standard	protocols	on	the	screening	of	electrode	materials	and	electrolytes,	and	the	rigorous,	
impartial	data	analysis.	Here	we	offer	our	perspectives	on	these	aspects.	

5.1	Considerations	to	Tackle	Water’s	Electrolysis:	

5.1.1	About	Thermodynamic	Solutions:		

Both	HER	and	OER	cripple	aqueous	batteries,	causing	self-discharge	and	compromised	cycle	life.	
Commercial	 aqueous	 batteries,	 including	 lead-acid	 batteries	 and	 NiMH	 batteries,	 have	 been	
grappling	with	these	parasitic	reactions	ever	since.	The	aqueous	battery	community	should	put	
these	reactions	at	the	crosshair	to	tackle,	which	should	be	prioritized	over	developing	intricate	
electrode	 structures.	 Compared	 to	 OER,	 HER	 may	 potentially	 cause	 safety	 consequences	 of	
explosion.	HER	 intrinsically	exhibits	higher	activity	 than	OER	does	because	 it	 requires	half	 the	
number	of	electrons	in	the	process.	In	addition,	HER	transpires	at	the	potential	higher	than	most	
desirable	 anode	 materials;	 in	 contrast,	 OER	 sits	 near	 the	 redox	 potentials	 of	 many	 cathode	
candidates.	The	four-electron	process	also	bestows	OER	with	an	inherently	higher	overpotential.	
In	addition,	HER	shortens	 the	shelf-life	of	batteries	by	corroding	 the	metal	anode	such	as	Zn.	
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Therefore,	 the	 field	 might	 consider	 prioritizing	 to	 address	 HER	 so	 that	 the	 next-generation	
aqueous	batteries	can	enter	the	market	sooner	with	an	acceptable	cycle	life	and	a	lack	of	safety	
concern.	To	the	authors’	knowledge,	two	routes	are	attractive	from	the	thermodynamic	point	of	
view,	which	deserve	more	attention.		

A	 promising	 path	 forward	 is	 to	 investigate	 the	 thermodynamic	 stability	 of	 water	 molecules	
themselves.	 We	 consider	 the	 thermodynamic	 solutions	 to	 take	 electrolysis	 as	 the	 most	
fundamental,	which,	once	elucidated,	will	 solve	the	problems	without	resorting	to	 the	kinetic	
ones.	 Despite	 being	 ubiquitous	 on	 this	 planet,	 our	 understanding	 of	 water	 still	 remains	
rudimentary.	It	is	of	significant	fundamental	values	to	investigate	the	relationships	between	the	
chemical	environments	and	the	resulting	O-H	bond	strength	of	water	molecules.	The	pertinent	
chemical	environments	are	composed	of	the	electrolytes	as	well	as	the	surface	of	the	electrodes.	
It	is	pivotal	to	point	out	that	all	electrochemical	properties	of	water	root	in	the	seemingly	simple	
covalent	bonds	 inside	 this	molecule.	Guided	by	 the	knowledge	of	 such	correlations,	 it	will	be	
viable	to	identify	or	design	the	chemical	environments	that	can	promote	the	robustness	of	the	
O-H	 chemical	 bond	 and	 consequently	 transform	 the	water	molecules	more	 inert.	More	 inert	
water	 molecules	 will	 certainly	 better	 defend	 themselves	 facing	 the	 attacks	 of	 electrons	 or	
electron	holes	from	the	electrodes.		

To	 understand	 the	 chemical	 environments	 of	 water	 molecules,	 a	 suite	 of	 interdisciplinary	
expertise	needs	to	be	mustered	such	as	electrochemical	experiments,	advanced	characterization,	
and	computation,	which	is	certainly	non-trivial	for	a	single	research	group.	Collaborative	research	
is	 indispensable.	 The	 chemical	 environments	 of	 electrolytes	 can	 be	 complicated,	 particularly	
those	binary	and	ternary	concentrated	WiSE	or	DES.	 Importantly,	 in	a	convoluted	system,	the	
researchers	need	to	find	a	salient	descriptor	property	or	properties	of	the	system	that	is	most	
sensitively	correlated	to	water’s	bond	strength.	

In	addition,	partitioning	the	anode	and	cathode	in	basic	anolyte	and	acidic	catholyte,	respectively,	
by	ion-selective	membranes	as	separators	could	expand	the	thermodynamic	stability	window	of	
the	electrolytes	 to	over	2	V.	Combining	the	acid-alkaline	mixed	electrolytes	with	 the	kinetics-
pertinent	 water-stabilizing	 strategies	 mentioned	 above	 is	 expected	 to	 elevate	 the	 operation	
voltage	 of	 aqueous	 electrolytes	 to	 an	 even	 higher	 level.	 Besides,	 further	 research	 should	 be	
placed	on	developing	ion-selective	membrane	with	higher	ionic	conductivity	and	designing	new	
cell	structure	to	facilitate	the	practicality	of	the	solution.		

Another	route	is	to	uncover	the	thermodynamic	properties	of	electrodes	themselves	in	different	
environments.	For	example,	the	[Zn(OH)4]2-/Zn	and	the	Zn2+(aq)/Zn	redox	couple	exhibit	vastly	
different	redox	potentials.	The	ion	speciation	of	the	electrolytes	and	the	concentrations	of	the	
ions	have	profound	impacts	on	the	redox	potentials	of	the	electrodes.		

5.1.2	About	Kinetic	Solutions:	

If	water	electrolysis	is	inevitable	from	a	thermodynamic	point	of	view.	It	is	critical	to	retard	such	
reactions	as	much	as	possible	from	a	kinetic	standpoint.	As	one	direction,	it	is	pivotal	to	further	
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beef	up	the	volcano	plots	of	HER	and	OER	initiated	by	the	catalysis	field.	The	plots	are	woefully	
incomplete	for	the	sake	of	designing	aqueous	batteries,	where	most	electrode	materials	cannot	
be	found	on	these	plots.	More	studies	are,	therefore,	needed	to	understand	the	interactions	of	
the	intermediates	such	as	H*	and	HO*	with	some	of	the	most	promising	electrode	materials	in	
aqueous	batteries.	Fundamental	principles	that	reliably	predict	the	inertness	of	electrodes	in	HER	
and	OER	should	be	elucidated.	In	this	vein,	extrapolation	of	the	current	trends	revealed	by	the	
screening	of	electrocatalysts	will	be	found	valuable	in	identifying	better	electrode	materials.	Both	
empirical	and	theoretical	studies,	if	conducted	synergistically,	will	be	able	to	push	the	envelope	
of	the	knowledge	for	the	purposes	of	the	anticatalytic	effect	of	large	overpotentials.		

There	has	been	a	lack	of	basic	understanding	of	active	sites	on	most	battery	materials	for	HER	
and	OER	processes	unraveled	in	basic	steps.	Such	understanding	will	be	essential	to	use	the	least	
amount	 of	 decoration	 substances	 on	 the	 electrode	 surface	 to	 passivate	 the	 electrode	 from	
attacks	of	aqueous	species.	To	gain	such	understanding,	one	must	zero	in	on	the	electrical	double	
layers	 of	 the	 electrode	 at	 different	 SOC	 with	 the	 consideration	 of	 the	 PZC	 of	 the	 electrode	
materials.	The	chemical	and	electrostatic	interactions	between	the	electrode	and	the	electrolyte	
will	be	one	key	to	reveal	what	it	takes	to	address	the	attacks	of	aqueous	species.	Another	key	is	
the	understanding	of	the	solvation	structures	of	ions	or,	more	precisely,	the	binding	environment	
of	water	molecules.	One	must	consider	factors	holistically,	including	the	electrode	surface,	the	
orientation	 of	 water	 molecules,	 and	 the	 double-layer-sequestered	 ions,	 to	 understand	 the	
binding	of	aqueous	species	to	the	electrode	surface.		

If	neither	the	thermodynamic	solutions	nor	the	surface	binding	engineering	with	aqueous	species	
can	 effectively	 curtail	 the	 water	 electrolysis,	 one	 has	 to	 resort	 to	 physically	 blocking	 water	
molecules	from	coming	ashore	to	the	electrode	surface.	One	needs	an	SEI,	either	in	situ	formed	
in	 an	 operating	 cell	 or	 during	 conditioning	 or	 artificially	 pre-formed	 before	 assembling	 the	
batteries.	The	conventional	wisdom	of	SEI	comes	from	the	knowledge	in	Li-ion	batteries,	where	
solvent	 and	 salt	 conveniently	 decompose	 into	 a	 hermetic	 mosaic	 film	 over	 the	 surface	 of	
electrodes,	which	is	ionically	conductive	but	electronically	insulating.	It	seems	that	fluorinated	
salts	are	still	the	most	effective	ingredient	in	forming	efficacious	SEI	in	aqueous	electrolytes.	The	
endeavors	to	identify	the	electrolyte	formulae	to	form	robust	SEI	have	just	gained	traction.	It	can	
be	 expected	 that	 more	 interesting	 SEI-formation	 reactions	 will	 find	 their	 power	 to	 seal	 the	
electrodes.	After	all,	reactions	in	aqueous	electrolytes	can	be	characterized	more	easily,	and	it	is	
likely	that	the	design	of	SEI	for	aqueous	batteries	will	be	ungraded	faster	than	its	counterparts	in	
LIBs.		

	

5.1.3	Insights	from	Other	Areas:		

Of	note,	HER	and	OER	are	also	considered	harmful	in	other	fields	using	aqueous	electrolytes	such	
as	 metal	 deposition,296	 electrosynthesis	 of	 organics	 by	 CO2	 reduction,297	 electrochemical	
synthesis	of	ozone	gas	(O3),298	synthesis	of	hydrogen	peroxide	(H2O2),299		and	organic	oxidation	
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for	water	pollution	treatment300.	In	the	fields,	researchers	have	investigated	interesting	materials	
(e.g.,	boron−doped	diamond),	additives	(e.g.,	choline	chloride),	and	strategies	(e.g.,	hydrophobic	
polymer	coating).	Unfortunately,	these	studies	have	received	little	attention	for	the	purposes	the	
aqueous	batteries.	These	works	should	be	referenced	to	help	the	water	stabilization	in	aqueous	
batteries.		

Most	importantly,	much	can	be	learned	from	the	prowess	of	the	corrosion	field,	where	corrosion	
is	often	tantamount	to	HER,	which	can	be	essentially	considered	as	an	electroless	reaction	of	a	
metal	anode	in	aqueous	metal	batteries	when	resting	at	OCV	or	idling.	It	is	our	observation	that	
it	 is	high	time	for	the	aqueous	battery	field	to	scrutinize	the	results	from	the	well-established	
corrosion-protection	 field	 carefully.	 The	 conventional	 corrosion	 inhibition	methods,	 including	
alloying,301-303	coating	with	high	corrosion	resistance,304,305	applying	the	corrosion	inhibitors306-309,	
improving	 surface	 hydrophobicity310,311	 have	 rarely	 been	 employed	 to	 protect	 electrodes	 in	
aqueous	batteries.		

Of	note,	the	corrosion	protection	in	batteries	is	slightly	different	from	that	elsewhere.	Firstly,	the	
metal	 anode	 in	 batteries	 undergoes	metal	 plating/stripping	 during	 charging	 and	 discharging,	
respectively,	 albeit	 there	 are	 resting	 interludes.	 Secondly,	 in	 batteries,	 the	 metal	 anode	
experiences	 dramatic	 morphology	 changes,	 i.e.,	 dissolved/reformed,	 that	 may	 negate	 the	
corrosion	 protection	measures.	 For	 example,	 it	will	 be	 a	 question	whether	 the	 alloys	will	 be	
reformed	after	a	cycle	of	stripping	and	plating	of	the	active	mass,	where	the	redox	behavior	of	
the	insert	element	is	critical	to	consider.	On	the	other	hand,	the	anti-corrosion	mechanisms	may	
impede	the	electrochemical	reactions.	For	example,	it	is	well	known	that	the	native	surface	film	
of	MgO	on	Mg	metal	is	corrosion	resistant	but	also	causes	a	large	overpotential	for	the	stripping	
reaction	of	Mg.	 Importantly,	the	electrode	protection	may	come	easier	than	the	conventional	
prevention	of	corrosion.	For	instance,	the	electrolyte	components	in	the	battery	field	could	be	
modified	with	a	great	leeway	of	flexibility	while	the	environments	are	often	fixed	in	conventional	
metal	protection	 fields.	 Therefore,	 it	 is	 very	 likely	 that	befitted	electrolyte	additives	 could	be	
found	to	optimize	the	anti-corrosion	behavior	of	metal	anodes.		

5.2	Characterization	of	Water	Electrolysis	on	Electrodes:	

LSV	(Figure	27a)312	and	CV	(Figure	27b)220	can	evaluate	the	electrochemical	stability	window	of	
aqueous	electrolytes.	As	discussed	above,	the	HER/OER	concentration	overpotential	is	positively	
related	to	the	scanning	rate.	For	a	fair	comparison	of	electrolyte’s	thermodynamic	stability,	we	
suggest	 the	community	use	a	 scanning	 rate	below	0.5	mV	s-1	 for	LSV	and	CV	measurements.	
Furthermore,	Tafel	plots	can	reveal	the	reaction	kinetics	of	HER	and	OER	(Figure	27c),	which	can	
be	derived	from	the	LSV	curves.313	The	higher	slope	for	the	Tafel	plots,	the	more	effective	the	
battery	 electrode	materials	 are	 in	 inhibiting	 HER	 and	 OER.	 It	 is	 worth	 pointing	 out	 that	 the	
scanning	rates	used	to	probe	the	onset	potential	of	HER	or	OER	should	not	be	over	0.5	mV	s-1;	
otherwise,	 the	 stability	 of	 the	 electrolytes	 will	 be	 overestimated.	 Increasing	 temperature	
facilitates	the	reaction	kinetics	of	the	water	electrolysis	process	according	to	the	Arrhenius	law	

(𝑘 = 𝐴𝑒
qrS
st ),	which	narrows	the	stability	window	of	water	by	increasing	the	dissociation	constant	
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of	water	 (Kw)	 and	 the	 activity	of	H+	 and	OH-.23,24,314	 Therefore,	 testing	 conditions	need	 to	be	
considered	when	comparing	electrode	materials	or	electrolytes	in	their	HER/OER	behaviors.	It	is	
also	important	that	the	community	starts	to	adopt	a	similar	current	density	to	mark	the	onset	
potential.	The	current	density,	e.g.,	0.05	mA	cm-2,	needs	to	be	considerably	 lower	than	those	
used	for	evaluating	electrocatalysts.		

Regarding	the	corrosion	caused	by	HER,	the	oxidation	potentials	of	the	metal	anodes	and	the	
HER	rate	could	be	estimated	from	the	Ecorr	and	 Icorr	 in	a	 linear	polarization	curve,	 respectively	
(Figure	 27d).315-317	 Specifically,	 Icorr	 can	 be	 calculated	 by	 the	 Stern-Geary	 equation	 (Equation	
29).318,319	The	Stern-Geary	constant	B	can	be	further	expressed	as	Equation	30,	where	the	𝑏+	and	
𝑏' 	can	 be	 obtained	 by	 the	 log	 I	 vs.	 E	 plots	 in	 both	 anodic	 and	 cathodic	 regions	 of	 the	 Tafel	
plots.317,318	 The	 fitted	 value	 of	𝑅b 	represents	 the	 overall	 resistance	 of	 the	 anode	 surface	
corrosion.318	

𝐼'D)) =
U
Cw
																																																																Equation	29	

				𝐵 = ySyz
".`6`(ySHyz)

																																																										Equation	30	

Note	that	Ecorr	and	Rp	evolve	as	the	function	of	immersion	time,	which	should	be	considered,	as	
shown	in	Figure	27e,	f.315,316,320		
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Figure	27.	Methods	of	evaluating	the	electrochemical	stability	window	of	aqueous	electrolytes,	
including	a)	LSV	(Reproduced	with	permission	from	ref	312.	Copyright	2019	Wiley-VCH.)	and	b)	
CV	(Reproduced	with	permission	from	ref	220.	Copyright	2007	Elsevier.).	Methods	on	evaluating	
the	reaction	kinetics	of	water	electrolysis,	including	c)	Tafel	plots	(Reproduced	with	permission	
from	ref	321.	Copyright	2020	Springer	Nature.)	and	d)	Linear	polarization	curve	(Reproduced	with	
permission	 from	 ref	 317.	 Copyright	 1989	 American	 Ceramic	 Society.).	 e)	 Evolution	 of	 the	
polarization	 resistance	 with	 the	 immersion	 time	 for	 various	 coatings	 including	 Zn–Ni	 alloy	
prepared	in	an	acidic	(ac)	or	alkaline	(al)	bath,	pristine	Zn	metal	prepared	in	alkaline	bath,	and	Cd	
(standard	or	high	yield).	Reproduced	with	permission	from	ref	320.	Copyright	2000	Elsevier.	f)	
Evolution	of	Ecorr	as	a	function	of	time	for	Zn	and	Zn–Mn	alloy.	Reproduced	with	permission	from	
ref	315.	Copyright	2014	Elsevier.			

	

In	addition,	precisely	measuring	the	volume	of	the	evolved	gas	will	be	invaluable	to	evaluate	the	
performance	of	water	electrolysis	inhibition.	Water-drainage	method	(Figure	28a)	is	widely	used	
due	to	its	high	practicality	and	low	cost.322	Specifically,	the	produced	gas	(e.g.,	O2,	H2)	will	diffuse	
into	 a	 down-facing	 glass	 cylinder	 and	 expel	 the	 filled	 water	 out;	 the	 amount	 of	 gas	 can	 be	
measured.		

Another	 common	 method	 is	 online	 electrochemical	 mass	 spectrometer	 (OEMS),	 where	 the	
evolved	gas	in	electrolytes	are	constantly	carried	out	to	the	mass	spectrometer	by	Ar	gas	flow.11,28	
The	method	not	only	measures	the	total	volume	of	evolved	gas	molecules	but	also	in	situ	records	
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their	concentration	variance	(Figure	28b).	The	regular	testing	cell	is	based	on	a	three-electrode	
configuration.	The	cell	could	be	placed	in	a	five-neck	beaker,	with	each	neck	corresponding	to	
working	 electrode,	 reference	 electrode,	 counter	 electrode,	 gas	 outlet,	 and	 Ar	 gas	 inlet,	
respectively	(Figure	28c).28	Later,	an	upgraded	testing	cell	was	designed,	which	better	resembles	
the	lab-used	coin	cells,	where	the	working	electrode	and	counter	electrode	are	separated	by	a	
separator	soaked	with	limited	electrolytes	(dozens	of	microliters)	(Figure	28d).	Furthermore,	to	
avoid	the	electrolyte	evaporation	brought	by	gas	flowing,	a	blank	cell	(right	with	only	electrolytes	
is	set	before	the	tested	cell	(left)	to	moist	the	Ar	gas.	

	

	

Figure	28.	a)	A	gas	collection	device	via	the	water	drainage	method.	Reproduced	with	permission	
from	 ref	 322.	 Copyright	 2019	 Elsevier.	 b)	 OEMS	 results	 of	 the	 L-LTO/LMO	 full	 cell	 during	 the	
galvanostatic	 tests	 with	 the	 concentration	 variance	 of	 several	 gases	 (O2,	 CO2,	 CO/N2,	 H2).	
Reproduced	with	permission	from	ref	11.	Copyright	2020	Springer	Nature.	Schematic	illustration	
of	the	OEMS	cells	based	on	c)	five-neck	beakers	(two	side	views	are	presented)	(Reproduced	with	
permission	from	ref	28.	Copyright	2018	Royal	Society	of	Chemistry.),	and	d)	coin-cell	structure	
designed	by	Lu	et	al.	(Reproduced	with	permission	from	ref	11.	Copyright	2020	Springer	Nature.).	

	

5.3	Theoretical	Simulation	Methods:	

Theoretical	simulation	is	a	powerful	tool	in	the	study	of	aqueous	batteries.	Generally,	they	play	
the	role	of	explaining	phenomena	 in	experiments,	elucidating	mechanisms	at	the	microscopic	
scale,	and	even	predicting	the	properties	of	materials.	As	mentioned	above,	MD	and	DFT	are	the	
most	frequently	used	simulation	methods,	and	they	serve	different	functions.		
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MD	simulation	can	describe	the	motion	of	particles,	where	information	of	molecular	assemblies	
can	be	obtained	by	calculating	the	forces	under	different	interaction	potentials.323	For	instance,	
solvation	 structures	 of	 ions	 or	water’s	 chemical	 environment	 in	 aqueous	 electrolytes	 on	 the	
atomic	 level	could	be	unveiled	by	applying	the	classic	MD	(CMD)	and	ab	 initio	MD	(AIMD).323	
Despite	the	minor	differences	in	solvation	compactness,	the	general	structures	simulated	by	the	
methods	are	basically	 the	same.	Besides,	 the	AIMD	could	also	simulate	 the	decomposition	of	
electrolytes	and	the	initial	formation	of	SEI/CEI	over	electrodes.323		

Based	on	the	Born-Oppenheimer	approximation	to	 the	Schrodinger	equation,	DFT	becomes	a	
convenient	method	to	simulate	properties	of	solid	materials,	particularly	electronic	structures.324	
For	example,	DFT	is	widely	applied	to	calculate	the	adsorption	energy	of	HER/OER	intermediates	
over	electrodes,	thus	allowing	researchers	to	construct	the	relationships	between	the	reaction	
kinetics	 and	 electrodes’	 electronic	 structures.47	 Also,	 DFT	 calculation	 could	 describe	 the	
electron/charge	distribution	in	electrode	materials,	which	helps	reveal	the	active	sites	towards	
both	charge	storage	and	water	electrolysis	processes.324	In	addition	to	the	electrode	materials	in	
the	solid	phase,	DFT	can	estimate	 the	 frontier	orbitals	 (HOMO	and	LUMO)	 for	electrolytes	as	
well.324	Hence,	several	works	integrated	the	DFT	and	MD	to	explain	the	role	of	water’s	chemical	
environment	in	its	thermodynamic	stability.11,109,117			

Overall,	 the	 theoretical	 simulation	 is	 complementary	 to	 experimental	 studies	 to	 understand	
reaction	mechanisms	at	an	atom	scale,	which	can	shed	light	on	the	selection	of	electrodes	and	
the	optimization	of	electrolyte	components.	However,	water	electrolysis	in	the	aqueous	battery	
is	complicated,	engaging	factors,	thermodynamic	and	kinetic.	It	is	expected	that	simulation	will	
play	a	larger	role	in	the	future	by	considering	more	factors,	which	can	better	predict	gas	evolution	
reactions	in	the	electrolytes.		

	

5.4	Conclusions:		

The battery field will witness a renaissance of the aqueous electrolytes, which are being scrutinized 
for the next−generation rechargeable batteries. Despite all merits, the future of aqueous batteries 
hinges on solutions for tackling HER and OER transpiring on anodes and cathodes, respectively. 
These solutions must effectively suppress these parasitic reactions to the extent that they do not 
cause a safety concern or significantly shorten the battery’s longevity. The primary solutions 
toward the water electrolysis problems will enhance either the thermodynamic stability of the 
aqueous electrolytes or the kinetics-pertinent overpotentials of HER and OER. Correspondingly, 
the available strategies, e.g., salt-concentrated electrolytes and water electrolysis anticatalytic 
strategies, have shown the potential to promote aqueous batteries' performance. However, in the 
authors’ opinion, the aqueous battery field should shift the focus from electrodes to the interface 
properties in the Helmholtz layer, e.g., solvation structures, defined by the interactions between 
electrolytes and electrodes. It seems that insights are available for addressing these ubiquitous 
reactions of HER and OER from other fields, where battery chemists will need to roam into other 
areas’ literature for existing or new solutions. Besides, the characterization and evaluation of water 
electrolysis in batteries need to be devised with extra care, where the results from different studies 
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can be comparable. Meanwhile, theoretical simulation method (e.g., MD, DFT) should be further 
advanced to assist the fundamental understanding for water electrolysis process and the precise 
prediction for cell’s performances in practical situation. It is very likely that water electrolysis, the 
century-old problem, will be further understood and addressed in aqueous batteries in the near 
future. 
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